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CHAPTER 1*
HISTORICAL
Tlie p ro d u ctio n  o f a l ip h a t i c  nitrocom pounds  
had been  accom p lish ed  many y e a r s  b e fo r e  M it s c h e r lic h  
i s o l a t e d  nitrocom pounds from  th e  a c t io n  o f  fum ing  
n i t r i c  a c id  on benzene and -to lu en e . The com m ercial 
v a lu e  o f th e  n itr o -a r a m a t ic s  appears t o  have been  
a p p r e c ia te d , f o r  th e  F rench  ch em ist C o ila s  (Thorpe 1 ,
576) record s th e  in d u s t r ia l  p r e p a r a tio n  o f n i t r o -
-benzene ( c a l le d  E ssen ce  o f M lrbane) f o r  use a s a p e r ­
fume in  soap s*  I t  w i l l  be r e c a l le d  th a t  l e g i s l a t i o n  
had l a t e r  t o  be a p p lie d  a g a in s t  i t s  use as an almond 
f la v o u r in g  in  f o o d s t u f f s  when i t s  p o iso n o u s n a tu re  was 
r e a l i s e d .  The t e c h n ic a l  im portance o f n itr o b e n z en e  
grew r a p id ly  and during th e  y ea rs  1847 t i l l  1908 p a t ­
e n ts  were g ra n ted  reg a rd in g  i t s  m anufacture (Chem.
T ra d es. J .  1 9 06 . 3 9 . 3 8 5 9 ) .
A gain  a lth o u g h  th e  f i r s t  u se  o f in o r g a n ic  n i t ­
r a te s  in  e x p lo s iv e s  i s  p rob ab ly  l o s t  in  a n t iq u i t y ,  i t
wa3 n o t u n t i l  1845 th a t  th e  e x p lo s iv e  q u a l i t i e s  o f
nitrocom pounds were a p p r e c ia te d . In th a t  y ea r
\
Schon bein  (Thorpe 4 .  V o l)  and B o ttg e r  ( ib id )  independ­
e n t ly  found th a t  c e l lu l o s e  on n i t r a t io n  y ie ld e d  an e x ­
p l o s i v e .  I t  rem ained f o r  V i e i l l e  t o  g e l a t i n i s e  th e  
m a te r ia l  w ith  s o lu b le  n i t r o - c o t t o n  and e th e r - a lc o h o l  
t o  g iv e  th e  germ w hich  has grown t o  th e  p r e se n t  day 
p r o p e lla n t  in d u s tr y . To t h i s  d is c o v e r y  can be tr a c e d  
th e  o r ig in  o f  a r t i f i c i a l  s i l l c  and c e l lu l o s e  la cq u e rs  
e-uc. (Chardonnet F r . P a t .  1 6 5 ,3 4 5 . 1 8 8 4 ) . The v ig o u r  
w ith  w hich  N obel (B .P s . 2 ,3 5 9 .  1863; 1 ,813*  1864; 1 ,
3 4 5 . 1867; 4 4 2 . 1869; 1 ,5 7 0 . 1873) pursued Sobrero^s
d is c o v e r y  in  1847 o f n i t r o g ly c e r in e  r e s u l t e d  in  th e  
com m ercial su c c e s s  o f D ynam ite, G e l ig n it e  and f i n a l l y  
c o r d i t e .
Ilausserman i s o l a t e d  p i c r i c  a c id  a s  a produ ct o f  
th e  r e a c t io n  o f in d ig o  w ith  n i t r i c  a c id ,  and W elter  (A. 
chem. p h y s . 1 7 95 . 2 9 . 3 01 ) o b ta in ed  I t  in  th e  same way 
from  n a tu r a l s i l k .  N e ith e r  of th e s e  w orkers appears  
t o  have e s t a b l i s h e d  th e  co m p o sitio n  o f the compound 
th ey  had prepared  and i t s  e x p lo s iv e  p o s s i b i l i t i e s  were 
n o t c o n s id e r e d . Even when i t  was shown th a t  i t  c o u ld  
e a s i l y  be produced from p h en o l (L aurent, A . 1834 . 4 3 ,
219) no Immediate com m ercial a p p l ic a t io n  was fo u n d .
When S p ren g e l in  1871 (B .P s . 921 and 2642; J .C .S .
1873 , 796) showed th a t  i t  cou ld  be e a s i l y  d e to n a ted  by- 
m ercury fu lm in a te  i t s  in d u s t r ia l  a p p l ic a t io n  was a s s u r ­
e d , and p a te n ts  were gran ted  f o r  i t s  use as a m i l i t a r y  
e x p lo s iv e  (T urpin , B .P . 1 5 ,0 8 9 . 1885; F r . P . 1 6 7 ,5 1 2 . 
1385; G-er. P . 3 8 ,7 3 4 . 1 8 8 6 ) . A t th e  ou tb reak  o f war 
in  1914 i t  was th e  B r i t i s h  s e r v ic e  e x p lo s iv e  under th e  
name o f L yd d ite  a f t e r  th e  town where i t  was f i r s t  manu­
fa c tu r e d ;  th e  F rench  and I t a l ia n s  c a l le d  i t  M e l in i t e .
T*N.T. was s y n th e s is e d  in  1863 by W ilbrand (Ann. 
1363 , 128 , 178) and a lth o u g h  i t s  v a lu e  a s an e x p lo s iv e  . 
was a p p r e c ia te d  a t  once i t s  p r o d u ctio n  was look ed  upon 
w ith  some t r e p id a t io n  b ecau se  o f th e  d i f f i c u l t y  o f  i t s  
s y n th e s is  compared w ith  th a t  o f p i c r i c  a c id .  The con­
t a c t  p r o c e ss  f o r  su lp h u r ic  a c id  (B ad isch e A n il in  and 
S o d a fa b r ik , B er . 1901 , 3 4 , 4069) made pure c o n c en tr a ted  
a c id  and Oleum t r u ly  in d u s t r ia l  p r o d u c ts . The work o f  
Haber (Z. E le c tr o c h e m ie . 1903 , £ ,  381 ; 1910 , 1 6 , 2 44 ;  
1915, 2 1 , 191) Frank and Caro (Z eit.angew .C hem . 1906,
1 9 , 835; 1909 , 2 2 , 1178) and B irk e la n d  and Eyde (M et.
Chem .E n g . 1912 , 1 0 , 617; J .  L a d in g .  Chem. 1 9 12 , 4 ,  771)  
on th e  m anufacture o f  n i t r i c  a c id  from  th e  atm osp here,
made a v a i la b le  a sou rce  o f combined n itr o g e n  h i t h e r t o  
th ou ght im p o s s ib le , and d e str o y ed  th e  l a s t  impediment 
t o  com m ercial T .H .T .
The Germans adop ted  T .N .T * as a s h e l l  f i l l e r  in  
1902 (M arsh all*s E x p lo s iv e s  1 , 265) and had u sed  t h i s  
e x p lo s iv e  under s e r v ic e  c o n d it io n s  f o r  some tim e b e fo r e  
th e  outbreak  o f  th e  uG reat War'1 • In  1914 i t  was b e in g  
m anufactured in  B r ita in  on a b a tc h  s c a l e .  D uring th e  
war y ea rs  th e  use  o f L yd d ite  cea sed  c o m p le te ly . I t s  
d is u s e  was a c c e le r a t e d  by i t s  dangerous n a tu re  compared 
w it h T .N .T .  f o r  i t  was more s e n s i t i v e  t o  sh o ck , and 
f  oimed s a l t s  in  c o n ta c t  w ith  m e ta l s h e l l  c a se s  e t c .  
w h ich  were v e r y  s e n s i t i v e  and r e s u l t e d  in  some d i s a s t ­
rous e x p lo s io n s  (Home O ff ic e  Papers A .1 7 ,4 1 2 ;  Annual 
R eports o f H .M .In sp ector  o f E x p lo s iv e s  1890 , 4 8 ) .
The m anufacture o f T .N .T . on a con tin u ou s p la n t  
s c a le  was un dertaken  in  O ctober 1917 by M essrs . Chance 
and H unt, th en  managing H .M .E xp losive F a c to r y  a t  Old­
bury (B .P . 1 2 4 ,4 6 1 ; 1 2 5 ,1 4 0 ) .  The developm ents in
m anufacture o f  T .N .T . from  t h i s  p o in t  can b e s t  be d e s ­
c r ib e d  under t e c h n ic a l  h ea d in g s r a th e r  than  h i s t o r i c a l .
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NITRATING AGENTS
In i t s  s im p le s t  fo n a  th e  term  N i t r a t i o n 11 r e f e r s  
t o  th e  p r o d u ctio n  o f  a c a r b o n -n itr o  lin k a g e  th u s:
»  C  —  MOx
The p rodu ct i s  a n itrocom pound . I t  i s  perhaps 
c o n fu s in g  th a t  tn e  e x p r e s s io n  “n itra tion **  i s  a l s o  ap ­
p l i e d  t o  th e  fo rm a tio n  o f compounds l ik e  n i t r o g ly c e r ­
in e ,  w hich i s  in  f a c t  g ly c e r o l  t r i n i t r a t e s
C H a  • O  • N O *
CH ' O • N 0 2
CHa’O'NOa.
S t i l l  more d i f f i c u l t  t o  d e f in e  i s  th e  p rep ar­
a t io n  o f  compounds w ith  n ir r o g e n - n it r o  l in k a g e s :
— N0 2
F or example th e  “ c y c lo n i t e 11 r e a c t io n  m ight be 
e x p r essed  a s ;
NCb,
/
CHV C H v l
N 1
H€KAMeTN\*-ENE
TETRAMIWE
O*.’ ✓ -HOa.
V /  \ .N
3 BQN<V
CH->.
c \  /  
N
INO*.
" c y c l o n i t e "
f — - — I
CHv CHv (
\ /  3 (pH]|
I c'h.  I
L . - J - ---------------- 1
BYPRODUCTS
Because o f  th e  su b seq u en t r e a c t io n  o f  th e  h y d ro x y l group:
^ I s J  - C H X-  +  H O - M O ^  ----------- ^  —  N O a  +  —  C H v ° H
P r o fe s s o r  L in s tea d  (P r iv a te  C orrespondence) has d e s ­
c r ib e d  t h i s  as un i t r o l y s i s u , em p h asisin g  th e  h y d r o ly s is  
accom panying n i t r a t i o n .  Presum ably by t h i s  nom encl­
a tu re  th e  t h e o r e t i c a l  r e a c t io n :
H C H i H NOx CHX NO *S /  \  /  * /  t  /
] I | 'j +  3[H ] + + 3  [<>«]'
cH j. CHV
N nNI *H *°x-
and su b seq u en t com b ination:
The method o f  s y n th e s is  i s  e s s e n t i a l l y  th e  same, 
a hydrogen atom o f  th e  o rg a n ic  c o n s t i t u e n t ,  (o r  l e s s  
commonly a s u b s t i tu e n t  group) i s  r e p la c e d  by N0a ,  th e  
p o r t io n  s p l i t  o f f  u n it in g  w ith  th e  -OH o f  th e  n i t r i c  
a c id .
When hydrogen i s  r e p la c e d  th e  r e a c t io n  can be 
d e sc r ib e d  by th e  s im p le  eq u a tio n ;
3L K P  + -3[OH]'  3HaO
i s  n i t r a t io n ,  th e  secon d ary  r e a c t io n  
o f  the h y d ro x y l group b e in g  th e  same as th a t  f o r  example 
in  th e  fo rm a tio n  o f  m o n o -n itr o -to lu e n e ;
PkH + HO-NOa. PkNOj. +  H iO
6
I t  w i l l  be obvious from t h i s  th a t  th e  r e a c t io n  i s  
g r e a t ly  f a c i l i t a t e d  by th e  p resen ce  o f  some a gen t  
w hich  absorbs w ater* N itr a t in g  a g e n ts  are  th e r e fo r  
anhydrous in  th em se lv es  or are adm ired w ith  a dehydr­
ant*  The m ost common r e a c ta n ts  a r e j -
(1 ) C on cen trated  n i t r i c  a c id .
(2) Mixed a c id s  (N it r ic  a c id  w ith  s u lp h u r ic ,  
a c e t i c ,  p h osp h oric  a c id s  or a n h y d r id e s ) .
(3 ) A lk a l i  n i t r a t e s  w ith  su lp h u r ic  or a c e t i c
a c id .
(4) O rganic n i t r a t e s ,  e .g *  a c e t y l  n i t r a te *
(5) N itr o s u lp h u r ic  a c id s*
(6 ) N itro g en  o x id e s .
In  n i c r o l y s i s  nhe h y d ro x y l group o f  th e  a c id  
combines w ith  a carbon atom t o  produce an a lc o h o l i c  
body -
—-CH* - O H .
H ere, the e f f i c a c y  o f d eh y d ra tio n  i s  l e s s  obviou s*  I t  
I s  n e v e r th e le s s  p r e s e n t .  W ater i s  produced by s id e  
r e a c t io n s  su ch  as -
—CHi-OH +  HO* N O a --------- ^  — CH^O-NOx +  ^2,0
and by d i lu t io n  o f th e  n i t r i c  a c id  i t s
7
o x id a t io n  p o t e n t ia l  i s  in c r e a se d  and i t s  n i t r o ly s in g  
power reduced*
SELECT 1011 OF REAGENT AND U S  DIRECTIVE INFLUENCE
The ch o ice  o f r e a g e n ts  depends on th e  organ ic  
compound to  be n i t r a t e d :  i f  f o r  example th e  l a t t e r  i s
e a s i l y  o x id is e d  a v ig o ro u s n i t r a t in g  a gen t i s  exclud ed *  
M oreover, i f  the p r o c e ss  i s  t o  be a com m ercial one, the  
rea g en t i s  la r g e ly  d ic t a t e d  by econom ic c o n s id e r a t io n s*
A t h ir d  and c r i t i c a l  f a c t o r  in  the s e l e c t io n  o f  a n i t ­
r a t in g  a g e n t , p a r t ic u la r ly  in  in d u s tr y , i s  i t s  d ir e c t iv e  
in f lu e n c e *  N it r a t io n  by d i f f e r e n t  r e a g e n ts  may r e s u l t  
in  i s c m e r ic a l ly  d i f f e r e n t  p r o d u c ts , an e f f e c t  w e l l  i l l u s ­
t r a t e d  by Lauer (J .  P ra k t. Chem* 1933, 157 , 175) in  h i s  
work on th e  n i t r a t io n  o f am ines* A condensed ta b le  o f  
h is  r e s u l t s  i s  shown o v e r le a f .  They i l l u s t r a t e  m oreover, 
th e  e f f e c t  o f s u b s t i t u e n t s  on o r ie n t a t io n .
An in t e r e s t in g  case  o f  th e  e f f e c t  o f s u b s t i tu e n t s  
on o r ie n ta t io n  i s  g iv e n  by Morgan and G lover  (J.Chem .Soc*  
1924, 1 2 5 , 1597) who found th a t  n i t r a t io n  o f  th e  a c e t y l  
and p -to lu e n e su lp h o n y l d e r iv a t iv e s  o f 6 : c h lo r o - o - t o lu id -  
in e  r e s u l t e d  in  d i f f e r e n t  p r o d u c ts , th e  r e a c t io n  b e in g
8
TABLE 1 .
Nitrating Agent g c n i : b s w ith 'g la c ie l  acetic eaac sulphuric HN0s alone
% fo %
ortho meta para ortho meta para arSic mein para
A n il in e 36 - 64 1 49 50 4 40 56
A c e ta n ilid e 30 - 70 8 - 92 42 - 58
B enzan ilid e 28 - 72 7 - 93 40 - 60
Ghlor oacetanilide 25 - 75 4 - 96 27 - 73
TolumesultiianjCLxb 16
_______ ________I .
- 84 2 - 98 12 - 88
e x p r essed  -
HV-Xc HN-V I^HO^ ttf-x NOv
c«s< 3  HNO^  _» . ct,4<^ y  HXOgoW* ^  CHj^ }
CL CL CL
H*-SOxgfcflf CH? Hf<-SovC6H^*c«3 Nrtft.
« , £ >  _ a a ° s _ ^ .  chj^  - ! chjO
CL CL ' * ° x  CL N oi-
P ic t e t  (B er. 1907, 4 0 , 1165) record s th a t  when 
a c e t a n i l id e  i s  n i t r a t e d  in  e x c e s s  o f su lp h u r ic  a c id  
o n ly  2 -5 % orth o  isom er i s  form ed, the main product b e ­
in g  th e  para compound. W ith g l a c i a l  a c e t i c  a c id  and 
fum ing n i t r i c  Q0% o f  th e  p rodu ct i s  th e  orth o  s u b s t i t u ­
e n t ,  w h ile  by a c e t y l  n i t r a t e  th e  product i s  a lm ost com­
p l e t e l y  o r t h o - n i t r o - a c e t a n i l id e .
The s e n s i t i v i t y  to  o x id a t io n  o f p h en o ls and 
am ines o f te n  n e c e s s i t a t e s  p r o te c t io n  o f th e  a c t iv e  
group p r io r  t o  n i t r a t io n  and th e  c h o ic e  o f  a c y la t in g  
a gen t i s  o b v io u s ly  o f  im portance 3 in c e  i t  may a f f e c t
9
th e  d ir e c t iv e  e f f e c t  o f  th e  grou p • An example o f i n ­
g en io u s s e l e c t io n  o f an in d u s t r ia l  a c y la t io n  i s  g iv e n  
in  th e  German P a ten t 91 ,314  (1895) where p h en o l i s  p ro ­
t e c t e d  by form ing th e  p -to lu e n e su lp h o n y l d e r iv a t iv e  
p r io r  t o  n i t r a t io n  w ith  n i t r i c  and su lp h u r ic  a c id s*  *
The product on h y d r o ly s is  y i e ld s  n o t on ly  p -n itr o p h e n o l,  
but o -n itr o to lu e n e -p -s u lp h o n a te  w hich i s  v a lu a b le  as a 
dye in term ed ia te*
O N * S ^ C L
q  + o  — o ° - s ° > o
I
HNOg
I
)  o -  $oX
— ■ V(q .o H ------- > •  N e S O g f ^ / C H j
STRUCTURE OF HITRA.TIHG AGENTS
G roggins (U nit P r o c e sse s  in  O rganic S y n th e s is*  
McGraw H i l l .  N*Y* & London 1935) g iv e s  th e  fo l lo w in g  
g e n e r a l i s a t io n  w ith  r e fe r e n c e  t o  n i t r a t in g  ag en ts*
(1) They c o n ta in  th e  U02 group as p a r t o f  a 
l a b i l e  com plex.
(2 ) They are  s im i la r  in  s tr u c tu r e  t o  n i t r i c  
a c id  e s t e r s  or a c id  an h yd rid es and g e n e r a l ly  th e  U02 
group i s  h e ld  by a sh ared  oxygen atom .
fo
(3 ) The a g e n ts  p o s se s s  pronounced a u x i l ia r y  
v a le n c y  or fr e e  en ergy  f o r  a d d it io n , presum ably th rou gh  
an oxonium lin k a g e*
(4) On s t a b i l i s a t i o n  a f t e r  n i t r a t io n ,  an a c id  
i s  s p l i t  o ff*
(5 ) Under c e r ta in  c ir c u m sta n c e s , e*g* n i t r a t ­
io n  o f am ines, th e  a c id  s p l i t  o f f  may p a r t ic ip a t e  in  a 
secon d  r e a c t io n , o - n i t r o a c e t a n i l id e  i s  th u s made d i r e c t ­
l y  from a n i l in e  by r e a c t in g  w ith  a c e t y l  n i t r a t e  or d i -  
a c e t y l - o - n i t r i c  a c id .  The f i s s i o n  in  th e  n i t r a t in g  
complex occu rs in  the O-NOj, group*
The f i r s t  and fo u r th  o f  th e se  are more th e  e f f e c t  
o f  o b se r v a tio n  than th e  cause o f r e a c t io n  and th e  f i f t h  
can h a r d ly  be d e sc r ib e d  as a g e n e r a l i s a t io n ,  but 2 and 
3 have a c o n s id e r a b le  b e a r in g  on th e  s tr u c tu r e  o f  n i t ­
r a t in g  agents and t h e i r  mechanism o f  r e a c tio n *
NITRIC AG IDS AMD MIKED ACIDS
E an tzsch  (Ber* 1925 , 5 8 , 941) from  s p e c tr o -  
g ra p h ic  s t u d ie s ,  and B r u n e tt i  and O llan o  (A t t i .a c c a d .  
L in c e i .  1931 , 1 3 , 52 ) from th e  Ramam e f f e c t ,  showed 
th a t  th e  a l k a l i  s a l t s  and e s t e r s  o f  n i t r i c  a c id  had 
d i f f e r e n t  a b so r p tio n  sp e c tr a  in  th e  u l t r a - v i o l e t  r e g io n .
H
The co n c en tr a ted  a c id  was shown to  have th e  same s p e c ­
trum as th a t  o f th e  e s t e r s ,  w h ile  th a t  o f th e  d i lu t e  
a c id  was s im i la r  t o  th e  a l k a l i  s a l t s ♦ In s o lu t io n  
th e  s a l t s  are e l e c t r o l y t e s ,  w h ile  th e  e s t e r s  are  n o t  
h y d r o ly s e d . H antzsch th e r e fo r e  a s c r ib e d  t o  n i t r i c  
a c id  th e  s tr u c tu r e s  -
H > o ay  [ n  ohI
Dilute (tru e) acid Ccnc. (pseudo) add
In  s o lu t io n s  o f in te rm e d ia te  c o n c e n tr a t io n  th e  
m ixed sp e c tr a  showed th a t  b o th  fo im s co u ld  e x i s t  t o ­
g e th e r , th e  c o n v e r s io n  o f one c o n f ig u r a t io n  t o  th e  
o th e r  b e in g  g ra d u a l(T a b le  2 ) .  v
TABLE 2 .
HNOJ
norm ality
pseudo  
a c id  %
tru e  
a c id  %
6 2 98
10 50 50
18 72 30
To th e  pseudo a c id  H antzsch  a l s o  a t t r ib u t e d  
th r e e  se p a r a te  form s -
(1 ) H 0 -N 0 2
(2 ) n itron iu m  n i t r a t e .
(3 ) (NO3 )(H*OH2) hydroxonium  n i t r a t e ,
by a s s o c ia t io n  o f th e  pseudo a c id  m o le c u le , by I t s e l f  
and w ith  w a te r .
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Prom vapour p r e ssu re  and c o n d u c t iv ity  m easure­
m ents Saposchnikow (Z*phys.chem . 1904 , 4 9 , 697; 1905,
5 1 , 609) deduced th a t  a s t r u c t u r a l  change occurred  on 
s o lu t io n  o f  n i t r i c  a c id  in  su lp h u r ic  a c id *  Walden 
(Z*angew.chem. 1924, 5 7 , 390) and Halbam (Z*phys*chem* 
1928, 152 , 433) ob served  th e  change by a b so r p tio n  s p e c ­
troscop y*  I t  was a t t r ib u te d  by a l l  th e se  w orkers to  
th e  p ro d u ctio n  o f anhydride (H205 ) .  H antzsch  c la im s  
d is p r o o f  o f the th eo ry  from  s p e c tr o s c o p ic  exam in ation  
o f n i t r i c  a c id  anhydride in  su lp h u r ic  a c id *
H eth er in g to n  and Masson (J .C hem .Soc. 1933 , 105) 
fo rm u la te  a mechanism o f r e a c t io n  w hich  depends on th e  
p a r t ic ip a t io n  o f th e  hydroxonium  n i t r a t e  d e sc r ib e d  by 
Hants c h . Schaarschm idt (Z*angew.chem* 1926 , 3 9 , 1457) 
and Klemenc (Z .anorg.allgem *chem * 1924 , 141 , 231) on 
th e  o th er  hand su g g e s t  H205 as th e  a c t iv e  agen t in  m ixed  
a c id s  c o n ta in in g  p ow erfu l d eh yd ra tin g  a g e n ts ,  t h i s  r e ­
a c t in g  w ith  th e  o rg a n ic  c o n s t i t u e n t  t o  form  an a d d it io n  
complex w hich  breaks down to  form  th e n itrocom pound. 
A gain  S c h a e fe r  (Z*anorg*allgem *chem » 1 916 , 97 ,  2 8 5 ;
98, 70 ) c la im s th a t  th e  d eh yd ra tin g  a g en t removes w ater
o f  d i lu t io n  from th e  n i t r i c  a c id  on ly  t o  th e  e x te n t  o f  
producing H0.U0a .
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!HITROSYL SULPHURIC ACID, -
T h is a c id  may be form ed by a d d it io n  o f  any of  
th e  o x id e s  o f  n itr o g e n  e x ce p t H20 to  su lp h u r ic  a c id ,  
and m ight th e r e fo r e  be th e  a c t iv e  agen t in  m ixed a c d d s .  
I t  was d is c o v e r e d  by Clement and Desormes (Ann.chem'. 
p h y s . 1806 , 5 9 , 329 ) who su g g e s te d  from i t s  e m p ir ic a l  
form ula HSN05 two p o s s ib le  tau tcm ers -
NO - O - (H S O a) HO • 5 0 a  * NO*
n it r o s y l - s u lp h u r ic  n itro x y l-su lp h a n ic
M ic h a e lis  and Schumann (B er . 1874 , 7 , 1 0 7 5 ), 
from i t s  r e a c t io n  w ith  phosphorus p e n ta c h lo r id e , w hich  
th e y  e x p r e sse d  a s -
n o o ( h s o 8) +  p a *  =  h (ci) 5 o3 +  NOCL +  P o a 5.
fa v o u red  the f i r s t  form ulae G irard  
and P abst (Bull*Soc*Chem* 1878 , 3 0 ,  531) reached  th e  
same c o n c lu s io n  from a stu d y  o f i t s  r e a c t io n  w ith  sodium
h a lid e s *  B e r l (Z*angew.chem . 1910 , 2 3 , 2250) on th e
o th e r  hand c la im s t o  have form ed th e  n i t r o x y l  su lp h o n ic  
anhydride by th e  a c t io n  o f  n i t r i c  o x id es  on su lp h u r  
t r i o x i d e .  B ie h r in g e r  and Borsun (Ber* 1915 , 4 8 , 1314 ; 
1916, 4 9 , 1402) assume th a t  th e  two form s e x i s t  in  
e q u ilib r iu m  in  th e  m o lten  s t a t e .  They o b ta in ed  from  
th e  n i t r a t io n  o f dime th y  1 - a n i l in e  h o th  th e  p - n i t r o  and
14-
p - n i t r o s o  compounds, th e  p r o p o r tio n s  b e in g  shown in  
T ab le 3*
TABLE 3 .
Temperature
°c
n i t r o
cp d .^
n lt r o s p
cpd.,%
10 -  .15 
28 -  30
8 .3
4 2 .9
7 .5
3 9 . 3
I t  i s  in t e r e s t in g  t o  n o te  th a t  th e  r a t io s  are  n e a r l y  
the same f o r  b o th  tem p eratures in d ic a t in g  no tem per­
a tu re  c o e f f i c i e n t  o f e q u il ib r iu m . E l l i o t t ,  K l i e s t ,  
W ilk in s and Webb (J .C .S . 1926 , 129 , 1219) c la im  th a t  
th e  p - n i t r o  compound i s  produced by a secon d ary  o x id ­
a t io n  du rin g  d i lu t io n  and i s  n o t in d ic a t iv e  o f th e  . 
p resen ce  o f  th e  n i t r o x y l- s u lp h o n ic  a c id .  They su g ­
g e s t  a th ir d  form ula -
H O  ^
O
and g iv e  th e  fo l lo w in g  reason s f o r  t h e i r  assum p tion s—
(1 ) A cid  w ith  t h i s  s tr u c tu r e  would lo s e
w ater  on h e a t in g  t o  g iv e  th e  a n h y d r id e -
° < ~ > - 0 - < o > 0‘
a change p a r a l l e l  t o  th a t  o f  th e  co n v er­
ts
*
- s io n  o f n i t r i c  a c id  t o  i t s  a n h yd rid e .
(2 ) I t  e x p la in s  th e  d i f f i c u l t y  o f r e p la c in g  
b o th  h y d ro x y l groups o f  th e  a c id  by n i t -  
r o so  g ro u p s .
(3 ) I t  e x p la in s  th e  B e r l method o f  s y n th e s is
o f  th e  anhydride from  S 0a and N20^
° \  >>P yo N ,o
SO, +  XN -b -k l  -f S o , — OjS N-O-N s o .
\ >  \ /
(4 ) The s tr u c tu r e  a cco u n ts f o r  th e  r e d u c tio n
p r o d u c ts •
No accou n t appears t o  have been  ta k en  by th e se
w orkers o f th e  e f f e c t  on t h e i r  th e o r y  o f  th e  p o s s ib le
c o -o r d in a c y  o f n itr o g e n  p en to x id e  -
_o
X N - 0 - N ^
O
ALKALI NITRATES IN SULPHURIC ACID
The a c t iv e  a g en t in  t h i s  ca se  may a g a in  be 
e i t h e r  pseude n i t r i c  a c id  or a n h y d r id e . An e x c e s s  
o f  su lp h u r ic  a c id  and h ig h  tem perature are n e c e ssa r y  
t o  promote th e  r e a c t io n  -
NaN05 +  NaMSo4 — HN05 +  Na*S04  
XJnder th e s e  c o n d it io n s  th e  HN03 i s  dehyd rated  
a t  l e a s t  p a r t i a l l y  t o  Nz0 5 , (G rogg in s, U n it P r o c e s se s  
15) and th e  th e o ry  o f Z ehaarschm idt ( l o c . c i t . )  may
16
/th en  a p p ly  t o  th e  r e a c tio n *
The u se  o f su ch  a g e n ts  has la r g e ly  b een  o b v ia ted  
by th e  developm ent o f in d u s t r ia l  s u p p lie s  o f  c o n c e n t­
r a te d  a c id s .
ORGANIC NITRATES
A c e ty l  and b e n z o y l n i t r a t e s  are  found t o  n i t ­
r a te  o rg a n ic  compounds in  a c e t i c  anhydride s o lu t io n .  
E th y l n i t r a t e  under th e  same c o n d it io n s  i s  n o t a n i t ­
r a t in g  a g e n t , a lth o u g h  in  p resen ce  o f  s ta n n ic  or alum­
inium  c h lo r id e ' i t  does n i t r a t e  b e n z e n e . Tronov 
(J .R u ss .P h y s . Chem .S o c .  1930 , 61, 2388* 62 , 2267) b e ­
l i e v e s  th e  n i t r a n t  t o  be a complex o f e t h y l  n i t r a t e  
w ith  th e  m e t a l l i c  s a l t *
(7
OXIDES OF NITROGEN
W ieland (Ber* 1921 , 5 4 , 1776) has shown th a t  
n itr o g e n  t e tr o x id e  form s a d d it iv e  compounds w ith  a 
m ixture o f  benzene and p etro leu m  cap ab le  o f  n i t r a t in g  
o rg a n ic  compounds* P henols and c r e s o ls  can be n i t ­
r a te d  by su ch  r ea g e n ts*  The n i t r a t io n  o f  c r e s o ls  by  
th e  a c t io n  o f  o x id es o f  n itr o g e n  on th e  su lp h o n a tes  i s  
w e l l  known (D atta  and Varna J#Am*Chem*Soc* 1919 , 4 1 , 
2041)*  Zchaarschm idt (Zangew.Chem. 1924 , 5 9 ,  933) 
e f f e c t e d  n i t r a t io n  by m e t a l l i c  com plexes o f  N^O^.
In  a lm ost ev ery  ca se  an a u x i l ia r y  a g en t i s  p r e ­
se n t  in  su ch  n i t r a t io n s  and an in t e r e s t in g  th e o r y  o f  
th e  complex w ith  su lp h u r ic  a c id  i s  g iv e n  by P in k
(J#Am.Chem.Soc# 1927 , 49 ,, 2 5 3 6 ) . He, s u g g e s ts  the  
e q u ilib r iu m  -
OH
N 1O4 , +  HaSO+  O jS +  HNO3
X no4
A ccording to  P in k , e q u ilib r iu m  i s  a lm ost w h o lly  
t o  th e  r ig h t ,  s in c e  n i t r i c  a c id  i s  b e in g  c o n t in u a lly  
removed in  n i t r a t in g  th e  o rg a n ic  c o n s t i t u e n t ,  ’ R e a c t­
io n  i s  a s s i s t e d  by the d eh y d ra tin g  a c t io n  o f b o th  s u l ­
p h u ric  a c id  and n lt r o s u lp h u r ie  a c id .  Ho accou n t ap­
p ears t o  have been  tak en  o f th e  e f f e c t  o f  l ib e r a t e d  
w a ter  on th e  r e a c tio n #  I t  i s  su sp e c te d  th a t  t h i s  w i l l  
have a g r e a te r  e f f e c t  than n i t r i c  a c id  in  d is p la c in g  
e q u ilib r iu m  t o  th e  l e f t #
(9
CHAPTER 5 .
MECHANISM OF NITRATION
T h eo r ie s  o f  n i t r a t io n  can be s im p ly  d iv id e d  
in t o  fo u r  main c la s s e s  -
(1 ) Sim ple s u b s t i t u t io n .
(2 ) Pre su lp h on at i  on.
(3 ) C ation  r e a c t io n .
(4) A d d it io n  and e l im in a t io n .
th e  f i n a l  c la s s  b e in g  su b -d iv id e d  in to  two su b ­
s e c t io n s  in v o lv in g  e l im in a t io n  o f (a ) n i t r i c  a c id  or 
(b) n itr o g e n  p e n to x id e .
SIMPLE) SUBSTITUTION
T h is was p rob ab ly  th e  e a r l i e s t  v iew  o f  th e  
n atu re  o f th e  r e a c t io n ,  and i s  s t i l l  h e ld  by some 
workers (Othmer, J a c o b s , and Levy; Ind.EngoChem. 1942, 
2 8 6 ) to  be th e  m echanism . I t  in v o lv e s  th e  e q u a t io n -
PhH  +  HO-NO^  PKNOa. *t- HaO
Parmer ( J .S .C .I .  1931 , 5 0 ,  75) h o ld s  e s s e n t i a l l y  
t h i s  v iew  o f  th e  r e a c t io n ,  th e  a c t io n  o f  th e  su lp h u r ic
a o
a c id  b e in g  th e  p ro d u ctio n  o f  n itron iu m  s a l t s  w hich  
th en  r e a c t  w ith  th e  o rg a n ic  compound d i r e c t ly  and n o t  
by way o f an in te rm e d ia te  su lp h o n a te .
PRES tfLPHOhATI ON
The n i t r a t io n  o f  p h en o l appears t o  be f a c i l i ­
ta te d  by su lp h o n a tio n . G ross, Bevan, and Jenks (B er. 
1901 , 3 4 , 2496) have s tu d ie d  th e  r e a c t io n  and conclu ded  
th a t  th e  a c t io n  o f  su lp h o n a tio n  in  th e  n i t r a t io n  o f  
p h en ol makes th e  o rg a n ic  m a te r ia l  s o lu b le  in  th e  a c id  
p h a se . I t  would be dangerous t o  b ase  any g e n e r a l i s ­
a t io n  on the s tu d y  o f the mechanism o f  n i t r a t io n  o f  
p h en o l, f o r  th e  m a te r ia l  i s  e x c e p t io n a l  in  a c id i t y ,  
p o la r i t y  and s e n s i t i v i t y .  S u f f i c i e n t  p r o o f o f  i t s  
ab n orm ality  i s  g iv e n  by th e  f a c t  th a t  th e  c r e s o l  s u l -  
phonates can be n i t r a t e d  by trea tm en t w ith  Mn itr o u s  
g a s e s 11 (D atta  and Vamna. J.Am*Chem*Soc* 1919 , 4 1 , 2041; 
J*S«C*I* 1927 , 4 , 3 2 1 ) .  In  s p i t e  o f th e  la c k  o f  c le a r  
s p e c i f i c a t io n  o f  the n i t r a t in g  a g e n t , no e v id en ce  i s  
shown by th e s e  w orkers o f th e  fo rm a tio n  o f  n i t r o s o -  
compounds •
CATION REACTION
The th e o ry  p o s tu la te d  by E e th e r in g to n  and 
Masson (J.Chem .Soc* 1933, 105) i s  th a t  o f  n i t r a t io n  
by c a tio n s*  They were a b le  to  observe a d d it io n  com­
pounds o f  n itr o b e n z en e  w ith  b o th  su lp h u r ic  and n i t r i c  
a c id s  to  w hich th e y  a s c r ib e  th e  form ulae -  
[PWNDaHl^HSO*]-
[P t,N 0 a H]+ L N 0 3 f
They su g g e s t  a mechanism to  accou nt f o r  th e  
f a c t  th a t  fum ing n i t r i c  a c id  does n o t n i t r a t e  b en zen e , 
a lth o u g h  m ixed a c id  c o n ta in in g  s u f f i c i e n t  H^ SO^ .. to  
form th e  monohydrate (HzS0^*Ha0) w ith  the w ater  p r e ­
se n t  a t  th e  end o f  r e a c t io n ,  w i l l  n i t r a t e  t i l l  HNO  ^
i s  e x h a u ste d . The a d d it io n  complex w ith  n i t r i c  a c id  
breaks down to  g iv e  th e  n itrocom pound, th e  w hole r e a c t ­
io n  presum ably b e in g  r e p r e se n te d  a s -
PKH 4  Ho NO3. =5=* [PHNOj.Hl'1' +  [oh] -
[PkN04H]+ 4- HaO ss=* PHNO;;. +  [H ,0 ] +
[O H ]' +  [H jO ]+ £ H aO
The e f f e c t  o f  th e  a d d it io n  o f su lp h u r ic  a c id  
i s  to  l ib e r a t e  pseudo n i t r i c  a c id  from th e  d i s s o c ia t e d  
hyroxonium  n i t r a t e  -
HN03 +  HjO [HsO]+ [NOsr
HYOROVONCOM NITRATE
[HjO]+[n 0 5]~  4  HiSO  ^ [H,o] + [H SO n“ 4- HONOa
PSEUDO NITRIC AC CO
U sanovich  and Cluekov (J.Gen.Chem . U .S .S .R . 194o, 
1 0 , ( 3 ) ,  227) agree  w ith  th e  mechanism but in c lu d e  o th e r  
c a t io n s  ( NtOHa3+ and No£oh3z+ + ) ,  and e le c tr o -c h e m ic a l  
ev id en ce  f o r  t h e i r  e x is t e n c e  i s  g iv e n  by U sanovich  and 
S u sk ev ich  ( i b i d .  2 3 0 ) .
ADDITION ARP ELIMINATION OF NITRIC ACID
Kekul^ (B er . 1869 , 2 ,  329 ) o b ta in ed  in  sm a ll  
y i e l d  from the trea tm en t o f  e th y le n e  w ith  anhydrous 
n i t r i c  a c id ,  a n itro-com po\ind  t o  w hich he a t t r ib u te d  
th e  form ula -
H a it in g e r  (Ann. 1878 , 1 9 5 ,  366; M onatsh 1881 ,
2 , 286) ex ten d ed  h i s  work to  in c lu d e  is o b u ty le n e ,  
isoam ylen e and t e r t i a r y  b u ty l  and amyl a lc o h o ls .  The 
r e s u l t s  w ere , as in  K ek u le !s e x p e r im en ts , la r g e ly  
o x id a t io n  p rod u cts b u t a g a in  he was a b le  to  i s o l a t e  
compounds o f  the typ e  -
(ch*)j>C —chno^  and (cH3) aC = C (n o z)ch 5
The mechanism o f  th e  p r o c e ss  was co n sid er ed  by W ieland  
to  be r e p r e se n te d  by
cHa -  cvmo2
CM
ss C H 2  4 * H o -  N O aCHj
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W1 eland, and co-w orkers (Ber* 1920 , 55 , 201;
1921 , 5 4 , 1770) u sed  n i t r i c  a c id  in  fuming su lp h u r ic  
a c id ,  and in  scone c a se s  d i lu t e d  th e  organ ic  c o n s t i t ­
u en t w ith  carbon te tr a c h lo r id e *  Prom isoam ylen e th e y  
were a b le  t o  i s o l a t e  b o th  th e  nitrocom pound and an  
in te r m e d ia te  c o n s t i tu e n t  o f  s tr u c tu r e  -
CH*
ch, ' ?  —  f H ' CH*
ONO< N O a
The com plete r e a c t io n  i s  thus e x p r e sse d  as -
CH ; c — c . ,» | | cn,
ONOa  N 6 a  
MITRO -M tT W cre
(aiTRO -  COMPOUND
CH,
C 4 ' C =  c h c h ,
C*3X
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CH- c  -  <  
C H * ' |  |  C H j
OH NOa
HtTRO- HYDRtN
ii
CHj'| I CH,
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T his th e o ry  in v o lv e s  th e  a d d it io n  o f  HO and N0a 
to  th e  e th e n ic  carbon atoms and th e  au th or  su g g e s te d  
th e  e x te n s io n  o f  i t  t o  arom atic  compounds, h i s  p o s t ­
u la t e  b e in g  -
Mayer (Ann. 1913, 5 9 8 , 66) load su g g e s te d  su ch  
a mechanism to  accou n t f o r  c e r ta in  r e a c t io n s  o f  n i t ­
rous a c id  and ph en ol d iazonium  h yd rox id e w hich  he 
co n sid er ed  r e a c te d  as EO-EO and C^H^E^-OH, and 
Markownikow (B er. 1899 , 3 2 , 1444) a t t r ib u t e d  r e a c t io n  
to  the a d d it io n  o f  a complex EO-SOa* 0 'EO -.
M ichael and C arlson  (J.Am .Chem .Soe. 1935 , 2 ,
1286) a lth o u g h  in  a lm o st com plete agreem ent w ith  th e  
W ieland th e o ry  o f  e th e n ic  a d d it io n  in  arom atic  n i t ­
r a t io n ,  c la im  th a t  th e  b a s is  o f W ie lan d !s d ed u ctio n s  
was c o m p le te ly  err o n e o u s , n i t r a t io n  in  a l l  the e x p e r ­
im ents b e in g  due t o  n itr o u s  a c id  produced in  th e  o x id ­
i s in g  s id e  r e a c t io n s .  Prom c o n s id e r a t io n s  o f  f r e e
e n e rg y  t h e y  showed t h a t  a d d i t i o n  o f  n i t r i c  a c i d  i n  a 
m anner  s i m i l a r  to  t h a t  s u g g e s t e d  by T,7ieland i s  p r o b a b l e  
h ow ever ,  and p o s t u l a t e  a v a r i a t i o n  o f  t h e  mechanism 
s y m p a th e t i c  to  t h e  c o - o r d i n a t e d  form o f  pseudo  n i t r i c  
a c i d  and i n v o l v i n g  s i m u l t a n e o u s  a d d i t i o n  and o x i d a t i o n  -
T h is c'onst& utes one o f  the more f l e x i b l e  t h e o r ie s  
o f  n i t r a t i o n .  The developm ent o f  more h ig h ly  
s p e c ia l i s e d  m ethods o f  d eterm in in g  in te r m e d ia te s
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o f r e a c t io n  m ight w e l l  be d ir e c te d  to  a c lo s e r  stu d y  
o f t h i s  m echanism .
ADDITION AND ELIMIMTIOH OF NITROGEN PEHTCKJEB
Zchaarschm idt (Z*angew.Chem. 1926 , 5 9 , 1457) 
a g rees  w ith  Klemenc (Z .anorg.allgem .C hem o 1924 , 141, 
231) th a t  NgOj produced by the r e a c t io n  -
i s  th e  a c t iv e  agen t in  m ixed a c id  
n i t r a t io n s ,  and he fa v o u rs a d d it io n  o f  th e  p en to x id e  
as a d e r iv a t iv e  o f d ih yd ro-b en zen e -
The th eo ry  i s  s im i la r  to  th a t  o f W ieland and 
e q u a lly  a t t r a c t i v e .  I t  i s  a p p lic a b le  t o  r e a c t io n  in  
b e n z o y l and a c e t y l  n i t r a t e s .  T h is mechanism p robab ly  
a cco u n ts fo r  th e  n o n - r e a c t iv i t y  o f  th e  t e t r o x id e ,  f o r  
i t  was found th a t  a lth o u g h  i t  i s  e f f e c t i v e  in  n i t r a t ­
in g  d e f i n e s ,  a number o f  lo o s e ly  bound compounds are  
a l s o  form ed, and i t s  r e a c t i v i t y  to  b en zen e , c h lo r -  
benzene and to lu e n e , i s  v e ry  lo w . The la c k  o f  th e  
n i t r a t e  group in  the in te r m e d ia te  compound i s  b e l ie v e d
H2SO4.
N g O g  4 -  H g O
+  H O N p g
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t o  be r e s p o n s ib le «. W ith nap h th alen e an a d d it iv e  
complex i s  form ed w ith  w h ich  does decompose to
g iv e  the n itro-com pound and n itr o u s  a c id *  A lthough  
the r e a c t io n  i s  p o s s ib le  in  carbon t e t r a c h lo r id e  s o l ­
u t io n ,  i t  does n o t tak e  p la c e  in  e th e r ,  where a s ta b le  
e th e r -U a O^  complex i s  form ed. Zchaarschm idt fu r th e r  
reco rd s (Z*angew.Chem. 1924 , 3 9 , 933) th a t  in  p resen ce  
o f  alum inium  or s ta n n ic  c h lo r id e  does add to  c e r ­
t a in  aroma t i c s  g iv in g  com plexes w hich can be h y d ro ly sed  
t o  form n itro-ccm p oun ds and n it r o u s  a c id *  I t  i s  p o s ­
s i b l e  m oreover to  conduct th e  r e a c t io n  w ith  
whence h y d r o ly s is  g iv e s  n i t r i c  o x id e .
0CHAPTER 4 .
CATALYSIS
The p r a c t i c a l  d i f f i c u l t i e s  a tte n d in g  n i t r a t io n ,  
p a r t ic u la r ly  when m ixed a c id s  were n o t com m ercia lly  
common, le d  some w orkers even  b e fo r e  1914 t o  c o n s id e r  
the p o s s i b i l i t i e s  o f  c a t a l y s i s .  When c o n cen tra ted  
a c id s  became more r e a d i ly  a v a i la b le ,  th e  work was con­
t in u e d  in  th e  hope th a t  by i t s  u se  n i t r a t io n  r a te  
m ight be in c r e a s e d .
H ollem an (B er . 1906 , 5 9 , 1256) s tu d ie d  th e  c a t ­
a l y t i c  e f f e c t s  o f  m ercury, c o b a lt ,  copper and n ic k e l  
s a l t s  on th e  n i t r a t io n  o f to lu e n e , and o b ta in ed  o n ly  
n e g a t iv e  r e s u l t s .  The r e l a t iv e  com m ercial unim port­
ance o f  n i t r o - t o lu e n e s  a t  t h i s  tim e to g e th e r  w ith  th e  
n e g a t iv e  n a tu re  o f  th e  r e s u l t s  a p p a re n tly  d e ter re d  
o th e r  w orkers from stu d y in g  th e  s u b j e c t ,  f o r  v e ry  
l i t t l e  a t t e n t io n  seems to  have been p a id  t o  i t  t i l l  
th e  G reat War. In  1913 W o lfs te in  and B o ters  (B er. 
1915 , 4 6 , 586) found th a t  a lth o u g h  m ercu ric  s a l t s  have
no c a t a l y t i c  e f f e c t  w ith  m ixed a c id s ,  th e y  c a ta ly s e  
arom atic  n i t r a t io n  in  n i t r i c  a c id  a lon e*  In 1914 th e  
n i t r a t io n  o f  p h en o l was th e  im m ediate concern  o f  th e  
f ig h t in g  powers and Klemenc (Monatsh 1914, 5 5 , 85) 
record s an in c r e a se  in  th e  r a te  and e a se  o f  r e a c t io n  
o f p h en ol w ith  n i t r i c  a c id  in  p resen ce  o f  n itr o u s  acid *  
He l a t e r  ex ten d ed  h i s  exp erim en ts t o  to lu e n e  w ith  some 
su c c e s s  (Z*anorg.Chem. 1 9 2 4 , 141 , 2 3 0 ) .
D avis (J .A .C .S . 1921 , 43 , 594) in  s tu d y in g  th e  
n i t r a t io n  o f benzene in  p resen ce  o f  m ercu ric  n i t r a t e  
found th a t  w ith  h ig h  c o n c e n tr a tio n s  o f n i t r i c  a c id ,  
p ic r i c  a c id  was a p r o d u c t. He p o s tu la te d  th e  sim ­
u lta n eo u s e n tr y  o f  th e  h y d ro x y l and n i t r o  g ro u p s . 
Zakharov (J.Chem .Ind.M oscow. 1931 , 8 , 3 0 ; Am.Chem.
A b s. 1931 , 2 5 , 4864) on th e  o th er  hand b e l ie v e d  the  
h y d ro x y l group to  be in tro d u ced  a f t e r  m o n o n itra tio n  
o f  th e  b en zen e , the n itr o p h e n o l so  formed a fterw ard s  
b e in g  co n v erted  t o  the tr in itr o -co m p o u n d . O x id a tion  
a cco rd in g  t o  Zakharov i s  due e n t i r e ly  t o  th e  a c t io n  
o f d i lu t e  HH03 and n o t to  th e  m ercu ric  n i t r a t e .
The e f f e c t  o f  hydrogen f lu o r id e  on v a r io u s  r e ­
a c t io n s  was s tu d ie d  by Simons and c o -w o rk ers . He 
ob served  an a d d it io n  compound w ith  su lp h u r ic  a c id ,
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supposed  to  be f lu o r o su lp h o n ic  a c id  (Chem.Rev. 1931,
8 , 213) and Meyer and Schramm (Z. an o rg . a llg e m . Chem.
1932 , 2 0 6 , 24 ) showed t h i s  t o  be an e f f e c t i v e  au lp h on -  
a t in g  a g e n t . S im ons, P a ss in o  and A rcher (J.Am.Chem. 
S o c . 1941 , 63, 608) ex ten d ed  the in v e s t ig a t io n  to  th e  
n i t r a t io n  r e a c t io n ,  and were a b le  t o  show an in c r e a se d  
y i e l d  o f  n itr o b e n z en e  a t  low tem p era tu res . W ith r e ­
sp e c t  t o  su lp h o n a tio n , th e y  ob served  an ap p arent o r ie n t ­
a t io n  e f f e c t ;  depending o n 'th e  tem p era tu re , f lu o r o s u l -  
phonic a c id  w ith  arom atics y ie ld e d  su lp h o n ic  a c id s  or 
sym m etrica l su lp h o n e s . P a ten ts  were g ra n ted  t o  
Fredenhagen (G .F a t. 5 2 9 ,5 3 8 . 1930) and G le ic h  (Russ*
P a t . 3 9 ,7 7 5 . 1934) f o r  th e  use o f EF w ith  p otassiu m  
n i t r a t e  fo r  th e  n i t r a t io n  o f benzene and p h en o l.
A r n a ll  (J .C hem .Soc. 1924 , 125 , 811) conducted a 
c a r e fu l  stu d y  o f th e  e f f e c t  o f  v a r io u s  s o lv e n t s  on th e  
n i t r a t io n  o f  a r o m a tic s , the isom erism  o f th e  p rod u cts  
form ing p a r t o f th e  in v e s t ig a t io n .  E xperim ents were 
conducted  w ith  v a r io u s  c a t a ly s t s  (m ercury, io d in e ,  and 
copper compounds) and i t  was conclu ded  th a t  o n ly  m er­
c u r ic  n i t r a t e  in c r e a se d  th e  y i e l d  o f  nitro-com pound3  
under stan d ard  c o n d it io n s .  A p a te n t  (F r .P a t . 8 2 1 ,7 6 7 .  
1937; Am• Chem.Abs. 1938 , 32 ,  3964) g ra n ted  t o  K a ta ly t -
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Ciiemle k-G  • f o r  th e  use of chrome , tu n g s te n , m o li-  
t i t a n iu m - n ic k e l ,  vanadium , g a lliu m  and t i n  in  th e  
form o f complex a c id s  in  th e  n i t r a t io n  o f  g ly c e r o l ,  
p rob ab ly  r e p r e se n ts  a developm ent o f  A r n a l l ! s w ork.
The e f f e c t  o f  n itr o u s  a c id  as a c a t a ly s t  in  
n i t r a t io n  has been the s u b je c t  o f much research *  
U n fo r tu n a te ly  m ost o f t h i s  concerns th e  n i t r a t io n  o f  
p h en o ls and am in es. Orton (Trans•C hem .Soc. 1902,
8 1 ,  806; B er . 1907, 4 0 , 371) s t r e s s e s  the n e c e s s i t y  
fo r  th e  p resen ce  o f  n itr o u s  a c id  in  th e  n i t r a t io n  o f  
th e  d i a l k y l - a n i l i n e s , assum ing th e  p ro d u ctio n  o f  in ­
term ed ia te  n itroso-com p oun ds • V /itt and Utermann 
(3 e r . 1906 , 3 9 , 3901 ) how ever, o b ta in ed  good y ie ld s  
of su ch  n itro-com pounds in  p resen ce  o f  a sm a ll quan­
t i t y  o f carbamide n i t r a t e ,  a compound used by Orton 
f o r  the rem oval o f n itr o u s  a c id  from n i t r i c  a c id .
The n i t r a t io n  o f p h en o l was in v e s t ig a t e d  by K artashev  
(J .R u ss .p h y s.C h em .S o c . 1930 , 8 2 , 2129; Am.Chem.Abs. 
1931 , 2 5 , 3 9 7 7 ) , who observed  a la t e n t  p e r io d  b e fo r e  
n i t r a t io n  commenced, in  w hich  th e  s o lu t io n  ( e t h y l  
a c e t a t e )  turned  y e llo w  brown. When r e a c t io n  began  
th e r e  was a r a p id  tem perature r i s e  accom panying th e  
red den ing  o f th e  s o lu t io n .  Water and urea were
found t o  in f lu e n c e  th e  la t e n t  p er iod *  In an atm os­
phere o f carbon d io x id e  th e  in d u c t io n  p e r io d  was r e ­
duced w hereas oxygen in c r e a se d  i t *  I t  was concluded  
th a t  n itr o u s  a c id  was produced during th e  in t e r v a l ,  
th e  p r o c ess  b e in g  a u t o c a ta ly t ic *  E s tim a tio n  o f the  
n itr o u s  a c id  throughout th e  experim ent showed th a t  i t  
ran p a r a l l e l  t o  th e  r a te  o f  n i t r a t io n *  K artashev  
s u g g e s ts  th e  fo l lo w in g  mechanism o f n i t r a t io n  -
Hn o 3 ---------^  h n o 2 +  [ o f
C6 H5 OH +  H N O j  — C6H4 ( no)OH +■ HfcO
C6 H4 (N 0)0H  +  H M 0 3 —>■ C4 H4 (NOa)O H  +  HM02
As e v id en ce  o f t h i s  p o s t u la t io n ,  a t t e n t io n  i s  
drawn t o : -
(1 ) The d e t e c t io n  o f n itroso-com p oun ds in  
th e  e a r ly  s ta g e s  o f  th e  reaction ®
(2 ) Ease o f form ation  o f  th e se  compounds 
and su b seq u en t o x id a t io n  o f n i t r o s o -  
to  n itro -com p ou n d s*
I t  w i l l  be n o ted  th a t  K artashev observed  an 
in c r e a se  in  the n itr o u s  a c id  c o n c e n tr a tio n  throughout 
th e  experim ent* T h is b e in g  s o ,  some e x p la n a t io n  
w ould appear t o  be n e c e s s a r y  con cern in g  th e  n a sc e n t
3 a
oxygen shown in  t h i s  eq u ation *
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CHAPTER 5*
KINETICS
T h eir  a p p l ic a t io n  to  co m a erc ia l e f f i c i e n c y .
The G ulberg and Waage law o f mass a c t io n  s t a t e s  
th a t  th e  v e l o c i t y  o f r e a c t io n  a t  any in s ta n t  Is  p ro ­
p o r t io n a l  t o  th e  e x i s t in g  c o n c e n tr a tio n s  o f  the r e a c t ­
in g  s u b s ta n c e s . C on sid erin g  on ly  i r r e v e r s ib le  chem­
i c a l  ch an ges, th e  v e l o c i t y  Is  r e p r e se n te d  by -
= k ( a  - x X b  — x ) (c  — x ) ......................
where x«=gm. m o ls . o f  su b sta n ce  changed in  tim e t ,  and
a .  b*   r e p r e se n t  the i n i t i a l  c o n c e n tr a tio n s  in
gnu m o ls . p er  l i t r e  o f th e  r e a c t in g  su b sta n ces*
Prom t h i s  i t  i s  obvious th a t  as r e a c t io n  p ro ­
ceeds i t s  r a te  d e c r e a se s  so  th a t  th e r e  i s  no f i n i t e  
tim e f o r  com p letion*
(Pig* 1 . )  i s  a t y p i c a l  curve r e p r e se n t in g  d egree  
o f n i t r a t io n  a g a in s t  tim e* I t  i s  a p p lic a b le  t o  th e  
fo rm a tio n  o f m ono-, d i - ,  and t r in i t r o - t o lu e n e  by m ixed
KNT
t  —
FlO |
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a c id ,  th e  on ly  d if fe r e n c e  b e in g  in  th e  e x te n t  o f th e
tim e s c a l e ,  a good average tim e f o r  v i r t u a l  com p letion
o f  th e  r e a c t io n  in  p r a c t ic e  b e in g  -
to lu e n e  t o  m on on itro to lu en e  40  m in s.
m on on itro to lu en e  t o  d in itr o to lu e n e  200 m in s.
d in it r o to lu e n e  t o  t r in i t r o t o lu e n e  360 m in s .
Owing t o  th e  co m p lex ity  o f th e  n i t r a t io n  r e a c t ­
io n  ( e .g .  number of, r ea g e n ts  p r e s e n t , f r e q u e n t ly  se p a ­
r a te  phases o f a c id  and n itr o b o d y ) , i t  i s  d i f f i c u l t  
t o  r e p r e se n t  th e  r e a c t io n  by the sim p le  mass a c t io n  
la w . p lo t t in g  fo r  exam ple, e x te n t  o f r e a c t io n  on a 
lo g a r ith m ic  a x i s ,  w hich  would w ith  b im o lec u la r  r e a c t ­
io n s  r e s u l t  in  a s t r a ig h t  l i n e ,  g iv e s  a c u rv e .
T h is does n o t o f  n e c e s s i t y  in d ic a te  h ig h  order  
o f  r e a c t io n .  The curve may w e l l  r e s u l t  from c o n f l i c t  
in g  d i f f u s io n  e f f e c t s  betw een th e  a c id  and n itro b o d y  
p h a se s , a phenomenon record ed  in  th e  n i t r a t io n  o f b en ­
zene when th e  a c id  i s  swamped w ith  n itro b en zen e  
(H eth er in g ton  and M asson, l o c . c i t . ) .  Indeed Wibaut 
(K e c .tr a v .c h im . 1915 , 3 4 , 241) has shown th a t  under 
c a r e f u l ly  c o n tr o l le d  c o n d it io n s  benzene and to lu e n e  
are co n v erted  t o  th e  n itro-com pounds by a b im o lec u la r  
r e a c t io n .
The abn orm al-decrease o f r e a c t io n  r a te  as n i t ­
r a t io n  p roceed s lias c o n s id e r a b le  s ig n i f ic a n c e  in  
p r a c t i c e .  B ecause o f the n e c e s s a r i ly  lon g  tim e o f  
r e a c t io n ,  e x te n s iv e  p la n t  must be p rov id ed  f o r  a r e ­
l a t i v e l y  sm a ll o u tp u t. O xid ation  w h ich  accom panies 
n i t r a t io n  i s  in c r e a se d  by lon g  tim e o f c o n ta c t  o f  
a c id  and n itr o b o d y . The o x id a t io n  in  T*N*T. manu­
fa c tu r e  i s  o f b o th  s id e  ch a in  and n^fuclear c h a r a c te r , 
th e  form er g iv in g  r i s e  t o  CO and CO  ^ and th e  l a t t e r  
to  p h e n o lic  compounds and c a r b o x y lic  a c id s .
The f i r s t  d i f f i c u l t y  has been  la r g e ly  overcome 
by con tin u ou s co n tra flo w  n i t r a t io n  (se e  n e x t ch a p ter)  
but th e  tim e o f c o n ta c t i s  n e c e s s a r i ly  s im i la r  to  
th a t  in  b a tch  n i t r a t io n  and o x id a t io n  lo s s e s  are o f  
the same order*
I t  w ould be o f obviou s advantage i f  th e  organ ic  
m ixtu re  cou ld  be se p a r a ted  a f t e r  i t  had undergone fo r  
example 70$  co n v e rs io n  to  the h ig h e r  n ltro-com pound , 
the u n -n itr a te d  m a te r ia l  b e in g  r e c y c le d . In  th e  
D*N*T* t o  T*N.T* s ta g e  t h i s  degree o f  co n v e rs io n  i s  
e f f e c t e d  in  a p p rox im ate ly  one s i x t h  o f  th e  tim e  
re q u ir e d  f o r  v i r t u a l  com p letion  o f r e a c tio n *  Such  
a p r o c e ss  w ould r e d u c e : -
(1 ) The tim e o f c o n ta c t  w ith  th e  a c id  and 
th e r e fo r e  the e x te n t  o f o x id a t io n  lo s s e s *
(2 ) The amount o f n itr o -b o d y  n e c e ss a r y  in  
c ir c u la t io n  in  the p la n t  f o r  th e  p ro d u ct­
io n  o f u n it  q u a n tity  o f  p ro d u ct, th ereb y  
c o n fe r r in g  g r e a te r  s a f e t y  in  op eration *
(3 ) The q u a n tity  o f a c id s  r eq u ire d  f o r  th e  
p ro d u ctio n  o f  u n it  y ie ld *
(4 ) The e x te n t  o f p la n t ;  alw ays assum ing th a t  
th e  se p a r a t io n  equipment were l e s s  e x te n ­
s iv e  than the d isca rd ed  apparatus*
The se p a r a t io n  o f such  a n itro b o d y  m ixture on 
p la n t  s c a le  i s  u n fo r tu n a te ly  n ot a sim p le  p r o p o s it io n ,  
as e x h ib it e d  by th e  d i f f i c u l t i e s  found in  rem oving 
o n ly  a few  p e r ce n t o f D.H.T* from T*N*T. (Tech*Rec*Ex. 
Supply* 1 9 1 5 -1 8 , 2 ,  20 )*  Here the methods a ttem p ted  
in c lu d e d ; -
(1 ) Washing «with b o i l in g  w ater  and s o lu t io n s  
o f  s a l t s  *
(2 ) C r y s t a l l i s a t io n .
(3 ) E xu d ation  (P r e ss in g  and C e n tr ifu g in g ) .
S u cc e ss  in  a l l  th e se  was o n ly  p a r t ia l*  S in ce
th a t  tim e however two new m ethods o f s e p a r a t io n  have
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come t o  l i g h t ,  and a lth o u g h  th ey  have o n ly  been  u t i l i s e d  
com m ercia lly  t o  a l im it e d  e x te n t  th ey  show g r e a t p ro ­
m is e . These are therm al d i f f u s io n  and u lt r a -h ig h  vac  
or s o - c a l le d  m o lecu la r  d i s t i l l a t i o n .
The f i r s t  o f th e s e ,  has in  the l a s t  decade been  
r a p id ly  d eve lop ed  and W elch (Ann.Rep.Ghem .Soc. 1940,
3 7 , 153) d e sc r ib e s  th e  se p a r a t io n  o f iso to p e s , by t h i s  
te c h n iq u e . The v a lu e  o f m o lecu la r  d i s t i l l a t i o n  need  
h a r d ly  be s t r e s s e d ;  T h is p r o c ess  has a t t r a c t e d  con­
s id e r a b le  in t e r e s t  s in c e  i t s  a p p lic a t io n  t o  the se p a r ­
a t io n  o f  the v ita m in e s , Hickman (Ind.Eng.Chem . 1937,
2 9 , 968; 1938, 3 0 , 7 9 6 ) , and p r io r  to  th e  war h ig h
grade lu b r ic a t in g  o i l s  were b e in g  made on a sem i­
com m ercial s c a le  in  H olland by t h i s  method (Proc.Chem . 
Sng.G p. 1938 , 2 0 , 8 4 ) .
One o f th e se  p r o c e ss e s  m ight th e r e fo r e  o f f e r  
th e  s o lu t io n  to  th e  s e p a r a t io n  o f n itr o b o d y  m ix tu res  
a t  an in te r m e d ia te  s ta g e  o f  n i t r a t io n  to  make th e  r e ­
c y c l in g  sy stem  f e a s i b l e .
CHAPTER 6 .
MURAT IOH PLAHT
In  the m anufacture o f n itro-com pounds f o r  
p h a rm a ceu tica l, la b o r a to r y  or d yeing  p u rp o ses , s im p le  
b a tch  n i t r a t io n  i s  th e  p r o c e ss  norm ally  ad op ted , s in c e  
i t  i s  e a s i l y  adapted  t o  the p ro d u ctio n  o f a w ide  
v a r ie t y  o f compounds. The n i t r a t o r s  fo r  such  p la n t  
are u s u a l ly  ja c k e te d  p an s, th e  in te r s p a c e  o f w hich may 
be f e d  w ith  steam  or c o o lin g  w ater  a cco rd in g  t o  the  
v ig o u r  o f th e  r e a c t io n .  They are in v a r ia b ly  f i t t e d  
w ith  s t i r r i n g  g ea r  and are s e a le d  to  p reven t th e  escap e  
of n ox iou s g a se s  in t o  the workroom. In  c a se s  where 
v ig o r o u s  r e a c t io n  i s  a n t ic ip a te d  the pans are f i t t e d  
w ith  c o o lin g  c o i l s .  Modem n i t r a t o r s  are o f s t a i n l e s s  
s t e e l  a lth o u g h  c a s t  ir o n  v e s s e l s  are s t i l l  u se d . I f  
weak n i t r i c  a c id  i s  p r e se n t  th e  c o i l s  may be o f le a d ,  
bu t o th erw ise  th e se  to o  w i l l  be o f s t a i n l e s s  s t e e l .
The Hough p a te n t  n i t r a t o r  i l l u s t r a t e d  l a t e r  in  t h i s  
ch a p ter  i s  a la r g e  u n it  o f  t h i s  ty p e .
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In  a p la n t  where p ro d u ctio n  i s  w h o le ly  d ir e c te d  
towards the m anufacture o f a s in g le  compound su ch  as 
t e t r y l  or T .N .T * , more s p e c ia l i s e d  equipm ent may be 
u t i l i s e d ,  f o r  th e  degree o f a g i t a t io n  and c o o lin g  r e ­
qu ired  a t  any s ta g e  o f the p r o c ess  i s  known and n i t ­
r a to r s  can be d esig n ed  a c c o r d in g ly . During th e  years
1914 -18  under th e  s tim u lu s o f the G reat War such  u n it  
product n i t r a t io n  d evelop ed  r a p id ly *
In  1914 the m anufacture o f T«1T«T* had o n ly  com­
menced in  t h i s  country  and the p ro d u ctio n  o f L yd d ite
was on a 60 lb* b a tch  s c a le *  I t  became obviou s th a t
in  s p i t e  o f the improvements in  th e  m anufacture of 
p i c r i c  a c id ,  th e  a v a i la b le  su p p lie s  o f raw m a te r ia ls  
would n o t be n e a r ly  s u f f i c i e n t  to  s a t i s f y  th e  need s of 
the s e r v ic e s  and the p ro d u ctio n  o f  T*N*T. became v i r t ­
u a l ly  a n e c e s s i ty *
In peace tim e T.1'T*T. was made on ly  from the  
o r th o -n itr o to lu e n e ;  th e  meta and para Isom ers were 
v a lu a b le  dye In term ed ia te s  and were sep a ra ted  by d i s ­
t i l l a t i o n  and c r y s t a l l i s a t i o n .  When the need f o r  
T*h*T* became c r i t i c a l  t h i s  s e p a r a t io n  was abandoned, 
th e  w hole m o n o -n itro to lu en e  b e in g  n i t r a t e d  t o  T*N*T* 
The f i r s t  n i t r a t io n  p r o c e ss  was a th r ee  s ta g e  one th e
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w aste a c id  freon the t r i n i t r a t i o n  s ta g e  b e in g  f o r t i f i e d  
and used  f o r  d in i t r a t io n ,  a fterw ard s b e in g  used  f o r  
m on on itra tion #  To the e f f o r t s  o f th e  W oolwich R esearch  
Department goes th e  c r e d it  fo r  d ev e lo p in g  th e  p r o c e ss  
to  a two s ta g e  on e. V arious m o d if ic a t io n s  were 
a ttem p ted , su ch  as n i t r a t io n  to  s ta g e s  r ep re sen ted  by 
l i  N*T. ,  2 i  I\T#T • , 3 IT.T . (T ech .R ec.E x .S u p p ly  * 2 , 5 )  
but th e  m ost s u c c e s s f u l  method was to  n i t r a t e  t o  th e  
mononitro-cam pound and th en  in  one o p e r a tio n  t o  con vert  
th e  product t o  T J . T .  By t h is  method th e  use o f  oleum  
was o b v ia te d , and a t  the b eg in n in g  o f the war t h i s  r e ­
p r e se n te d  an im portant economy due to  l im it a t io n s  o f  
su p p ly .
Same i l l u s t r a t i o n s  o f  .the type o f p la n t  used  
are shown in  T e c h n ic a l Records o f E x p lo s iv e s  Supply
1 9 1 5 -1 8 . volume 2* The American c o n tr ib u t io n  t o  e x ­
p lo s iv e s  p la n t  during t h i s  p e r io d  i s  w e l l  i l l u s t r a t e d  
by th e  n l t r a t o r  f o r  w hich p a te n t r ig h t s  were gran ted  
t o  Hough, in  w hich to lu e n e  was n i t r a t e d  t o  T .N .T . in  
one o p e r a t io n . A rep ro d u ctio n  o f t h i s  n i t r a t o r  i s  
shown in  P ig .  2 .
The Germans had used  T .H .T . as a s e r v ic e  
• e x p lo s iv e  b e fo r e  the G reat War and by 1914 were d i r e c t -
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- in g  t h e ir  a t t e n t io n  towards continu ous p la n t*  
(K ubierschky, G er. P a t , 2 8 7 ,7 9 9 ; J .S .C . I .  1916, 1 9 9 ) ,  
The developm ent o f such  p la n t  in  t h i s  cou n try  was un­
d ertak en  by M essrs* Chance and Hunt, th en  managers o f  
H*M* E x p lo s iv e s  F a c to r y , O ldbury. H o lle y  and M ott 
(XJ*S* Pat* 1 ,2 9 7 ,1 7 0 . 1919) d e sc r ib e  p la n t  o f a s im i­
l a r  n atu re  to  th a t  used a t  O ldbury. The su c c e s s  o f  
th e  p r o c e s s ,  s ta r t e d  in  O ctober 1917 (B* Ps* 1 2 4 ,4 6 1 ;  
1 2 5 ,1 4 0 ) can be judged from the d e s c r ip t io n  and com­
m ents con cern in g  i t  in  T e c h n ic a l Records o f  E x p lo s iv e s  
S u p p ly . 2 ,  1 1 . ,  -
uThe p la n t  c o n s is t s  o f  a number o f  
p a ir s  o f  c a s t  ir o n  p o t s .  One o f each  p a ir  i s  a g i t a t e d  
and th e  o th er  a c t s  as s e t t l i n g  v e s s e l .  From th e  
s e t t l i n g  v e s s e l ,  or se p a r a to r , th e  n itro b o d y  goes f o r ­
ward t o  the n ex t a g i t a t o r ,  and th e  a c id  t r a v e ls  in  th e  
r e v e r se  d ir e c t io n  t o  th e  p rev io u s a g ita to r *  Thus the  
n itro b o d y  i s  c o n t in u a lly  m eeting s tr o n g e r  and s tr o n g e r  
a c id .  The v e s s e l s  are f i t t e d  w ith  c o i l s  f o r  tem per­
a tu r e  c o n tr o l ,  and th e  tem perature v a r ie s  in  th e  d i f ­
f e r e n t  p an s, h a v in g  a maximum of 110° C.
The p la n t  has proved t o  have a 
rem arkable c a p a c ity . A lthough b u i l t  f o r  a nom inal 
output o f  100 ton s p er  week i t  has proved capable  o f
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some 500 ton s per week* The consum ption o f to lu e n e  
does n o t d i f f e r  much from o th er  n i t r a t io n  p r o c e ss e s  
and th e  advantage l i e s  m ain ly  in  th e  h ig h  c a p a c ity  
and consequent sa v in g  in  labou r and c a p i t a l  c o s t  o f  
p la n t  *u
D e t a i l s  o f such  p la n t have n ev er  been  f u l l y  
p u b lish ed  fo r  obvious reason s*  A com plete to lu e n e -  
T.kT*T* p la n t  v / i l l  in co rp o ra te  over and above th e  n i t ­
r a t io n  equipm ent, p u r i f i c a t io n  p la n t ,  d ry in g  a p p a ra tu s, 
c e r ta in ly  a c id  c o n c e n tr a tio n  p la n t  and p o s s ib ly  n i t r i c  
and su lp h u r ic  a c id  m anufacturing equipm ent* These  
s u b s id ia r y  a s p e c ts  o f n i t r a t io n  are to o  numerous t o  
m e r it  com plete d is c u s s io n  here* R eferen ce  may be 
made to  G roggins (U nit P ro c esses  in  O rganic S y n t h e s i s ) ,  
T e c h n ic a l Records o f E x p lo s iv e s  Supply* volum es 1* t o  
9*,. and R eports o f th e  P rogress o f A p p lied  C hem istry  
(Soc.Chem*Ind* 1 9 1 9 -2 0 -2 2 -2 4 ..* )  f o r  more d e t a i le d  
in fo r m a tio n .
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In th e  n i t r a t io n  o f to lu e n e  to  T .H .T ., the  
l e a s t  d i f f i c u l t  s ta g e  i s ,  as would be e x p e c te d , th a t  
from  to lu e n e  t o  M .N.T. W ith even  m od erate ly  c o n c en t­
r a te d  a c id s  t h i s  r e a c t io n  proceeds w ith  rea so n a b le  
v e l o c i t y  t o  v i r t u a l  c o m p le tio n . On t h i s  accou nt c a t ­
a l y s i s  o f f e r s  r e l a t i v e l y  l i t t l e  ad van tage, a lth o u g h  
i t s  a p p l ic a t io n  m ight perm it th e  use o f sm a lle r  p la n t  
f o r  the same o u tp u t, or o f more d i lu t e  a c id s .  There  
i s  how ever, a more im portant a sp e c t  in v o lv e d , th a t  i s  
th e  degree o f p rod u ction  o f meta iso m er. T h is isom er  
w hich occu rs t o  the e x te n t  o f about 4 % in  n i t r a t io n  
o f to lu e n e  ir r e s p e c t iv e  o f the mode o f  n i t r a t io n  
(A r n a ll , J .C .S .  1924 , 125 , 811; T in g le  and B lank , 
J.Am .Chem .Soc. 1908 , 3 0 , 1395; Holloman and S l u i t e r ,  
R e c .tr a v .c h im . 1906 , 2 5 , 208; F r i s w e l l ,  J .S .C .I .  1908, 
2 7 , 2 58 ) i s  la r g e ly  r e sp o n s ib le  fo r  a l o s s  o f about 
8 % in  th e  m anufacture of T .H .T . The g r a v it y  o f t h i s  
l o s s  i s  on ly  e q u a lle d  by th a t  due t o  d e s tr u c t iv e  o x id ­
a t io n  in  th e  h ig h  tem perature s ta g e  o f t r i n i t r a t i o n .
W ill  (B er . 1914 , 4 7 , 1718) who prepared  a l l  s i x  
o f  th e  T .N .T . isom ers was a b le  t o  show th a t  a t  l e a s t  
fo u r  o f th e se  occur in  m easurable amounts in  crude
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com m ercial T*N*T* Of th e se  t h e /5 and isom ers 
( 2 ; 3 : 4 -  and 2 * 4 :5 - )  predom inate* T h eir  p resen ce  i s  
o b je c t io n a b le  f o r  a number o f reason s*  They reduce  
th e  s e t t in g  p o in t  o f th e  product from 8 0 .6  t o  approx­
im a te ly  7 8 .5 °  C and m arkedly a f f e c t  i t s  s t a b i l i t y .
As would be e x p e c te d , th ey  have g r e a te r  ch em ica l a c t ­
i v i t y  than th e  sym m etrica l isom er, and a c c o r d in g ly  are  
l e s s  s u i ta b le  f o r  s h e l l  f i l l i n g  e tc *  where shock s e n ­
s i t i v e  m e t a l l ic  s a l t s  may be formed* The shock s e n ­
s i t i v i t y  o f t h e ■ unsym m etrical isom ers th em se lv es i s  
h ig h e r  than  th a t  o f the 2 j4 * 6 -  m a te r ia l ,  and rem oval 
o f  th e se  i s  e s s e n t i a l  fo r  s a f e t y  in  h an d lin g  b oth  th e  
e x p lo s iv e  and f i l l e d  p r o j e c t i le s *
P r io r  to  th e  1914-18  war p ro d u ctio n  o f th e  un- 
sym m etrica ls was avo id ed  by fr e e in g  the M*N*T* o f m eta -  
isom er by d i s t i l l a t i o n  b e fo re  fu r th e r  n i t r a t io n ,  but 
th e  orth o  compound d i s t i l s  f i r s t  (36 %) and t h i s  i n ­
v o lv e s  g r e a t  ex p en d itu re  o f h e a t .  M oreover th e  m eta­
para cu t i s  n o t w e l l  d e fin e d  and i t  i s  d o u b tfu l i f  th e  
l o s s e s  o f para isom er thus o cca sio n ed  do ind eed  o f f s e t  
th e  lo s s e s  in  p u r i f ic a t io n  o f T*N*T* made w ith  th e  
w hole m on on itro to lu en e  product* The p r o c e ss  was 
th e r e fo r e  e a r ly  abandoned* I t  was su p ersed ed  f i r s t
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by c r y s t a l l i s a t i o n  but a f t e r  some d e v a s ta t in g  e x p lo s ­
io n s w hich occurred  in  th e  reco v ery  o f th e  s o lv e n t  
(Tech*R ec#E x.Supply. 1915, 2 ,  20) t h i s  to o  was r e j e c t e d .  
To r e p la c e  i t  a number o f methods were su g g e s te d , among 
t h e s e ,  c e n tr i f u g a l  rem oval o f th erm a lly  exuded e u t e c t i c  
of D*R*T. w ith  the u n sym m etrica ls, l a t t e r l y  w ith  the  
a d d it io n  o f p h en ol t o  reduce the m e lt in g  p o in t o f  the  
e u t e c t i c  s t i l l  fu r th e r .  Water w ashing proved i n e f f e c t ­
iv e  and a l k a l i  w ashing was r e j e c t e d  because of the  
d o u b tfu l n atu re  o f th e  p r o d u c ts . Washing w ith  sodium  
s u lp h it e  gave b e t t e r  r e s u l t s  (Bar* 1914 , 4 7 , 709; 
J*S*C*I* 1914, 2.5 > 376) a lth ou gh  th e  n atu re  o f th e  
p rod u cts o f in t e r a c t io n  i s  s t i l l  c o n tr o v e r s ia l*
The rea g en t i s  s e l e c t i v e ,  a t ta c k in g  the unsym*- 
m e tr ic a l  isom ers in  p r e feren ce  to  T.N.T# In s p i t e  
o f t h i s  about as much <x as /3 andtfT^T.T* i s  removed* 
A c co r d in g ly  a lth o u g h  on ly  4 % o f  th e  T*U*T* i s  unsym­
m e tr ic a l  th e  lo s s  by s u lp h it in g  i s  more n e a r ly  8 
Some improvement has r e s u lt e d  from the use o f b u f fe r s  
but th e  o v e r a l l  l o s s  o f y i e l d  i s  s t i l l  h igh*
The s u lp h it e  wash i s  th e r e fo r e  one o f two 
g r e a t  so u rces  o f l o s s  in  th e  T*N*T. in d u str y  and i s
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made n e c e ssa r y  e n t i r e ly  by the p resen ce  o f m eta-isom er  
in  m o n o -n itr o to lu e n e . I f  c a t a ly s i s  reduced the form ­
a t io n  o f t h i s  isom er i t  would r e p r e se n t a c o n s id er a b le  
sa v in g  in  m an u factu re .
C a ta ly s is  in  the d i -  and t r i - n i t r a t i o n  s ta g e s  
cou ld  n o t r e s u l t  in  r ed u c tio n  o f u n sym m etrica ls, but 
i t  i s  h ere  th a t  the g r e a te s t  c o n c e n tr a tio n  o f  a c id s  
i s  n e c e s s a r y  and th e  tim e o f r e a c t io n  lo n g e s t .  The 
use o f  c a t a ly s t s  to  reduce e i t h e r  o f th e se  would a g a in  
be e c o n o m ic a lly  ad van tageou s.
The work d e sc r ib ed  in  t h i s  s e c t io n  has been  
su b d iv id ed  i n t o s -
PART 1 . M o n o -n itr a tio n .
PART 2 .  D i - n i t r a t io n .
PART 3 .  T r i-n it r a t io n *
In view  o f th e  im portance and g r e a te r  e f f e c t s  
to  be g a in ed  by c a t a ly s i s  in  m o n o n itra tio n , m ost o f  
th e  work has been d ir e c te d  towards t h i s  s t a g e .  The 
to lu e n e  n i t r a t io n  o f f e r s  a t  th e  same tim e g r e a te r  
f a c i l i t i e s  f o r  stu d y  s in c e  th e  product i s  l iq u id  and 
e s t im a t io n  o f  degree  o f n i t r a t io n  s im p le s t .
PART 1*
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CHAPTER X.
APPARATUS, METHODS OP ESTIMATION, &
EXPRESSION OF RELATIVE ACTIVITIES OP CATALYSTS
APPARATUS.
P ig .  3 .  i s  a sk e tc h  o f  th e  n i t r a t io n  equipm ent. 
It c o n s i s t s  o f  a g la s s  v e s s e l  A w h ich  in  th e  e a r ly  
s ta g e s  o f  exp erim en ts was s e t  in  a w a te r -b a th  to  b r in g  
the tem perature to  3 0 °  C. C ooling  i s  p rov id ed  when 
th e  r e a c t io n  becomes exoth erm ic by c ir c u la t io n  o f w ater  
in  the in t e r n a l  c o o lin g  c o i l  B . The s t i r r e r  £  i s  of 
stan d ard  uQ u ic k f itu c e n tr i f u g a l  ty p e , and capab le  o f  
g iv in g  e f f i c i e n t  em u lsion  o f to lu e n e  in  m ixed a c id  
in  a few secon ds*  I t  was op erated  a t  1000 r*p*m*
The n i t r a t o r  i s  covered  by a lo o s e ly  f i t t i n g  lea d  
p la t e  D in tr o d u c t io n  o f  to lu e n e  b e in g  e f f e c t e d  by 
means o f  a fu n n e l E .
In  e a r ly  exp erim en ts th e  s t i r r e r  sp eed  was 
m easured by a ta ch o m eter . T h is was l a t e r  r ep la c ed  
by a s tr o b o s c o p ic  m easuring in stru m en t c o n str u c te d  
from an e l e c t r i c  gramophone motor* A photograph
52.
4FIG 3
S3
o f  t h i s  machine i s  shown- in  P ig* 4# S e c to r  d is c s  
( in  foregrou n d ) w ith  5 , 9 , 12 , 1 6 , 2 0 , 2 6 , 3 2 , and 
40 s l o t s ,  en ab le  r o ta t io n a l  sp eed s from 300 t o  3200  
r*p*m* t o  be obtained* The instrum ent i s  shown in  
use in  P ig *  5 .  The p roper s e c to r  d is c  h av in g  been  
s e l e c t e d ,  th e  image o f  the r o ta t in g  s t i r r e r  i s  rend­
ered  s t a t io n a r y  by adju stm ent o f the gramophone 
governor# The speed  o f  the s t i r r e r  i s  th en  g iv e n  
by -
Gram, revs*  % D isc  s l o t s .
The c a l ib r a t io n  o f  th e  m otor c o n tr o l was extend ed  t o  
cover  th e  range 60-80  r#p#m* and su b d iv id ed  to  g iv e  
r ea d in g s to  w ith in  0 .5  r*p#m# T able 4* shows d i a l  
rea d in g  against; r#p*m# o f  th e  observed  s t i r r e r  and 
in d ic a t e s  the d egree o f  a c cu ra c y . The c a l ib r a t io n  
was checked a g a in s t  rea d in g s from a 1T#P#L# sta n d a rd ­
i s e d  tach om eter , s im u ltan eou s o b ser v a tio n s  b e in g  
made o f  the s h a f t  o f  a 5 H.P# shunt wound D.C# motor# 
S tr o b o sc o p ic  measurement has the s p e c ia l  
advantage th a t  i t  im poses no lo a d  during th e  e s t im ­
a t io n  and p erm its ra p id  and i f  n e c e s s a r y , con tin u ou s  
measurement# A s in g le  p o in t  c a l ib r a t io n  can r e a d i ly  
be o b ta in ed  from o b se r v a tio n  o f  a neon tube on 25 c / s
34-
FIG 4
F I G  5
5 5
TA BLE. 4 -
-R .R M . FOR STATIONARY 5TROBO-IMAGE -
ORAM NO. OP SLOTS IIS SECTOR DISC.
m o t o r .
■ R P M . 5 7 9 12 16 2 0 2 6 <32. 4 0
60 0 300 420 540 720 960 (200 (560 (920 2400
5 726 968 1210 (573 1936 2420
61 O 305 427 549 732 976 1220 /5 86 1952 2440
•5 738 984 1230 (599 /968 2460
6Z O 310 434 558 744 992 1240 1612 1984 2480
•5 750 1000 1250 1625 2000 2500
63 0 315 441 567 756 1008 (2 6 0 /638 2016 2520
•5 762 1016 1270 /651 2032 2540
6 4 - 0 320 448 576 768 /024 1280 1664 2 0 4 8 2560
• 5 774 1032 1200 1677 2064 2580
65 0 325 455 585 780 1040 1300 1690 2080 2600
•5 786 1046 1310 1703 2096 2620
6 6  0 330 462 594 792 1056 1320 17/6 2 M2 2640
5 798 1064 1330 1729 2(28 2660
67 0 335 469 603 804 1072 1340 1742 2144 2680
5 B IO (0 8 0 1350 1753 2160 2700
6 6 -0 34-0 476 612 8 1 6 1088 1360 1768 2176 2720
• 5 822 1096 1370 178* 2(92 2740
69 0 345 463 621 828 1104 1380 1794 2208 2T60
5 834 (112 1390 1807 2224 2780
70 0 350 490 630 840 1 (2 0 1400 (820 2240 2800
• 5 846 (128 1410 1833 2256 2820
n o 355 497 639 852 1(36 1420 1846 2272 2840
5 856 ((44 1450 (859 2288 2860
ra 0 360 504 648 864 1(52 1440 1872 2304 2880
•5 870 1160 1450 18 85 2320 2900
73 0 365 5 1 1 657 876 1168 1460 (898 2336 2920
•5 882 1176 1470 19/ / 2352 2940
74 0 370 5 /6 6 6 6 888 1(84 14-80 1924 2368 2960
•5 894 (192 1490 1937 2384 298o
7S-o 3T5 525 675 9 0 0 (200 1500 1950 240 0 3000
• 5 906 1208 15(0 (963 2416 3020
76-0 380 532 684 9 /2 (2(6 (520 (976 2432 3040
5 918 1224 1530 1989 2448 3060
77  0 385 539 693 924 1232 154 0 2002 2464 3080
5 930 1240 (550 20(5 2480 3100
78 O 390 546 702 936 1248 (560 2028 2496 3120
6" 942 (256 1570 2041 2512 3(40
79 O 395 553 711 9 4 6 1264 15 60 2Q54 2528 3160
5 954 1272 (590 2067 2544 3180
Bo 0 4 0 0 560 720 960 1260 /60O 2060 2560 3200
A c c u r a c y -2 * 5 ±3-5 ± 4 5 + 6 0 1+ 00 0 i  10 ±13 ±16 t 2 0
N . C .
5 6
A.C# m ains (3000 l i g h t  c y c le s /m in .)•
NITRATING ACIDS,
A number of a c id s  were examined in  order to  
f in d  one w hich  gave a s u i ta b le  r e a c t io n  r a te  fo r  
m easurem ent. An a c id  o f th e  fo llo w in g  com p osition  
was chosen  and used in  a l l  experim en ts on mono­
n i t r a t i o n .
HMOa 5 %
Ha.0 25  %
H4S 0+ 70  %
EXPERBIEMTAL.
NHRATIOT.
N it r a t io n s  were conducted w ith  60 gms. o f  
to lu e n e  in  order th a t  th e  f i n a l  y i e l d  o f  M .N.T. would  
be s u f f i c i e n t  t o  perm it a stan dard  s e t  p o in t  o f  T .N .T . 
t o  be o b ta in ed  on con tin u ed  n i t r a t io n  (se e  Methods o f  
E stim a tio n )*  The amount o f  a c id  chosen  was su ch  as 
t o  c o n ta in  HN0$ 5 % in  e x c e s s  o f th a t  req u ired  f o r  
com plete co n v e rs io n  o f  th e  to lu e n e  t o  M.N*T.
The a c id  was f i r s t  in trod u ced  in t o  th e  n i t r a t o r
57
and h e a ted  t o  50°C by warm w ater , when the whole 
b a tc h  o f to lu e n e  was added r a p id ly . The h e a tin g
b ath  was removed, the h eat o f r e a c t io n  su p p ly in g  a l l
the h e a t  n e c e ss a r y  to  m a in ta in  the tem p eratu re.
The tem perature cou ld  be c o n tr o lle d  w ith in  0 .5  C°by
c ir c u la t io n  o f w ater in  the c o o lin g  c o i l .
METHODS OF ESTIMATION.
(1 ) Degree o f  H it r a t io n .
At in t e r v a ls  sam ples o f th e  r e a c t io n  s lu r r y  
were removed by p ip e t t e  w ith ou t sto p p in g  th e  s t i r r e r .  
A fte r  s ta n d in g  a few  seconds the upper la y e r  was 
se p a r a te d  from the a c id ,  washed tw ice  w ith  w ater and 
d r ie d  over a sm a ll p ie c e  o f ca lcium  c h lo r id e .  When 
no c lo u d in e ss  was v i s i b l e  in  the sample i t s  r e f r a c t ­
iv e  ind ex  was m easured w ith  an Abbe r e fra c tca n eter .
The r e la t io n  betw een r e f r a c t iv e  index and degree of  
n i t r a t io n  o f to lu e n e  i s  shown in  P ig .  6 .
(2 ) Isom eric  c o m p o sit io n .
Standard  S e t  P o in t N itr a t io n  and D eterm in a tio n .
50 gms. M .N.T. were s t i r r e d  w ith  120 gms.
90 % HfcSO^  and warmed t o  50°C . 125 gms. m ixed a c id
(70 % HaSQ*, 2 1 .5 #  HNO ,^ 8 .5  % He0) were added and
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th e  tem perature r a is e d  to  70°C and m ain ta in ed  fo r
2 hours* The product was reco v ered  by d i l u t io n ,  
washed fo u r  tim es w ith  b o i l in g  w ater  and d r ie d  fo r
3 hours a t  100°C* T h is  was h ea ted  t o  100°C w ith  
220 gm s. 100 % HfcSO* and 125 gm s. m ixed a c id  (60 % 
HjSO*, 40 % m o 3 ) added s lo w ly .  The m ixtu re  was 
m ain ta in ed  a t  100 °C f o r  4 hours and th e  produ ct r e ­
covered  and washed as b e fo re*  A fte r  d ry in g  fo r
3 hours th e  s e t  p o in t  was determ ined as f o l lo w s : -
The m olten  T.IT.T. was poured in to  a 
p r e v io u s ly  h e a ted  t e s t  tube (6n x l u ) t o  w ith in  
1 in c h  o f  the top  and a h ea ted  therm om eter and alum­
inium  w ire  s t i r r e r  in s e r t e d .  The w hole was susp en d­
ed in  a la r g e r  t e s t  tube w hich ?/as in  tu rn  s e t  in  a 
la r g e r  a i r  j a c k e t .  The s e t  p o in t  was tak en  as th e  
maximum tem perature reached  a f t e r  su p e r c o o lin g .
The p r o p o r tio n  of m eta -isom er p r e se n t  
in  th e  o r ig in a l  sam ple o f M.H.T. i s  g iv e n  by th e  
approxim ate e q u a tio n  -
% m eta -isom er ▼ 1 .9 4  (a -  T)
where a = 8 0 .6  and T = s e t  p o in t  ° C.
6 o
Hemimacro M o d if ic a t io n *
Where th e  q u a n tity  o f  M .N.T. a v a i la b le  was to o  
sm a ll f o r  th e  above e s t im a t io n , th e  fo l lo w in g  m o d if ic ­
a t io n  was a d o p ted .
5 gm s. M .N.T. were tr e a te d  w ith  20  m is . 20 % 
oleum and during 5 m inutes 2 .5  m is . 97 % HN03 added, 
th e  tem perature b e in g  m a in ta in ed  below  40°C . The 
m ixtu re  was h e a ted  during 5 m inutes to  70°C and m ain­
ta in e d  f o r  5 m in u te s . 4 m is . 97 % HN03 were in t r o ­
duced over 5 m inu tes and th e  tem perature r a p id ly  
r a is e d  t o  120°C . A f te r  20 m inutes a t  t h i s  tem pera­
tu r e  th e  product was reco v ered  by d i lu t io n  and washed  
and d r ie d  in  th e  u su a l w ay. I t s  m e lt in g  p o in t  was 
d e te  m in e d .
The m eta -isom er  i s  g iv e n  by th e  n o m a l  form ula  
e x ce p t th a t  a = 7 8 .
RELATIVE ACT 17 TP IBS OP CATALYSTS.
Were th e  r e a c t io n  toluene-M '.N .T . a c c u r a te ly  
r e p r e se n te d  by th e  e q u a tio n  -  •
6i
H3C'C4 H3 +  HOMO* — V  HBC ‘C6 H4 ' N 0 a 4- Ha O
i t s  r a te  would be g iv e n  by th e  
b im o le c u la r  e x p r e s s io n  o f  the mass a c t io n  law -
~  =  k  (a  - x X k
In  th e  case  where th e  i n i t i a l  m olar c o n c en tr ­
a t io n s  o f  to lu e n e  and n i t r i c  a c id  are th e  same, th e  
e q u a tio n  becomes -
^ = k ( a - x ) a
and in te g r a t in g  -
1/ a  i ,  X 
^  t  o (o l -  x )
T h is  c o n d it io n  i s  n e a r ly  s a t i s f i e d  in  th e  
fo l lo w in g  experim en ts (HNO 3 on ly  5 mol* % in  e x c e s s ) .  
P lo t t in g  ^  a g a in s t  —■ does n ot however g iv e  a
s t r a ig h t  l i n e .  T h is  may be e x p la in e d  by th e  f a c t  
t h a t : -
(1 ) R e a c tio n  m ixtu re  i s  n o t homogeneous 
(se p a r a te  a c id  and n itr o b o d y  p h a se s)*
(2 ) HH03 i s  in  s o lu t io n  in  HaSO  ^ th e  con­
c e n tr a t io n  o f  w hich  i s  b e in g  reduced  
by w a ter  o f  r e a c t io n .
(3 ) As r e a c t io n  p roceed s io n i s a t io n  o f  th e
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n i t r i c  a c id  p rob ab ly  a l t e r s  due to  
p resen ce  o f tiie  w a ter  o f d i lu t io n *
With, r e s p e c t  to  n i t r a t io n ,  t h i s  i s  
e q u iv a le n t  t o  abnormal d ecrea se  o f  
n i t r i c  a c id  co n cen tra tio n *
I t  i s  a c c o r d in g ly  in c o r r e c t  t o  a s c r ib e  under 
th e se  c o n d it io n s  any s ig n i f ic a n c e  t o  th e  norm al 
eq u a tio n  o f  mass a c t io n ,  and th e  order o f  r e a c t io n  i s  
q u ite  in d eterm in ate*  Because o f t h i s ,  a v a lu e  o f  
Mkl! th e  v e l o c i t y  c o n sta n t cannot be o b ta in e d . For  
th e  com parison o f  c a t a ly s t s  i t  would be co n v en ien t  
to  a s c r ib e  t o  them a t  l e a s t  a v i r t u a l  v e l o c i t y  con­
s ta n t  and t h i s  has been  done throughout th e  work on 
th e  fo l lo w in g  b a s i s .
The curve r e p r e se n t in g  amount o f  to lu e n e  con­
v e r te d  a g a in s t  tim e has th e  fo im  shown in  F ig .  7 .
The in te r r u p te d  l in e  i s  r e p r e s e n ta t iv e  o f  a c a ta ly s e d  
r e a c tio n *
As a m easure o f  th e  c a t a l y t i c  a c t i v i t y  the  
r e l a t iv e  a rea s  under th e  curves co u ld  be ta k e n , but 
b ecau se  th e  curves are a sy m p to tic  t o  th e  l in e  r e p r e ­
s e n t in g  com plete c o n v e rs io n  o f to lu e n e ,  am b igu ity  
a r is e s  in  d e c id in g  what tim e must be c o n sid er ed  in
43

e s t im a t in g  th e  area  under th e  cu r v e . I f  on the o th er  
hand th e  area  above th e  curve i s  tak en  as a measure 
o f  a c t i v i t y ,  no su ch  u n c e r ta in ty  a r i s e s .  ' The tim e  
s c a le  may be ex ten d ed  t o  i n f i n i t y  s in c e  th e  a rea s so  
in v o lv e d  are c o n tin u o u s ly  d e c r e a s in g .
I f  we now d e f in e  th e  a c t i v i t y  o f  a c a t a ly s t  
as th e  area  above th e  c o n tr o l r e a c t io n  curve d iv id e d  
by th e  area  above th a t  o f  the c a ta ly s e d  r e a c t io n ,  we 
o b ta in  a f ig u r e  g r e a te r  than u n ity  fo r  a c a t a ly s t  
and l e s s  than  u n ity  f o r  an in h ib i t o r .  F or an id e a l  
c a t a ly s t  th e  area  above the r e a c t io n  curve w i l l  be 
z e r o , th a t  i s  r e a c t io n  i s  com pleted in  z er o  tim e , and 
th e  a c t i v i t y  v a lu e  w i l l  th en  be i n f i n i t y .
In seme ca ses  th e  area  above th e  r e a c t io n  
curve i s  in  i t s e l f  a s u i t a b le  m easure o f  a c t i v i t y ;  
i t  i s  im portant to  n o te  th a t  in  t h i s  case  low area  
v a lu e  in d ic a te s  h ig h  c a t a ly t i c  a c t i v i t y .
The v a lu e  o f a c t i v i t y  w hich we w i l l  c a l l  ^A11 
h as no d ir e c t  r e la t io n s h ip  t o  th e  v e l o c i t y  co n sta n t  
nkn , t o t -  i s  a -v a r y in g  powe r  o f - i t .
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CHAPTER 2 .
CATALYSIS BY HALIDES
Primary t e s t s  were conducted on th e  e f f e c t  
o f  c h lo r id e  and f lu o r id e  io n s on th e  m o n o -n itr a tio n  
r e a c t io n ,  in  w hich NaCl and KF were u sed  as c a t a ly s t  
s o u r c e s . These were added (0 .1  and 0 .5  % io n  as a 
m olar p r o p o r tio n  o f  th e  to lu e n e )  t o  th e  m ixed a c id ,  
im m ed iate ly  p r io r  to  th e  in tr o d u c t io n  o f  th e  to lu e n e .  
The r e s u l t s  are shown in  T ab le  5 .
TABLE 5 .
C a ta ly s t  .m o l . % 
on th e  to lu e n e  
mass
M.N.T
10
tir
20
ne
30
- m. 
40
Lnut
50
;es.
70 80
0 .0 (C on tro l) 33 61 72 80 85 94
0 .1 01 as KaCl 56 76 85 88 92
0 .5 C l as HaCI 51 76 84 88 92
0 .0 (C on tro l) 36 62 77 86 90
0 .0 (C on tro l) 36 60 73 86 90
0 .1 F as KF 51 67 80 89
0 .5 F as KF 54 68 81 90
0 .5 F as KF 71 86 91 93
0 .5 F as KF 60 77 86 91
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P ig s*  8 .  and 9 . show the r e a c t io n  curves  
f o r  th e se  c a t a l y s t s .  The a c t i v i t y  f ig u r e s  are -
They in d ic a te  d e f i n i t e  c a t a l y s i s  but th e  
r e s u l t s  p a r t ic u la r ly  f o r  0 .5  % f lu o r id e  are ex trem e­
l y  v a r ia n t ,  th e  h ig h e s t  and lo w e st  f ig u r e s  record ed  
b e in g  1*44 and 1*68 .
A d ig r e s s io n  was made a t  t h i s  p o in t  in  order  
t o  determ ine th e  a c t iv e  agen t in  c a t a l y s i s  by c h lo r ­
id e .  I t  was thought th a t  t h i s  m ight be n i t r o s y l  
c h lo r id e  (N0C1), and t h is  was prepared  by p a ss in g  
dry c h lo r in e  and n i t r i c  ox id e  through a g la s s  tube  
h e a te d  to  300°C , th e  produ cts b e in g  c o l l e c t e d  in  a 
r e c e iv e r  c o o le d  »by s o l i d  carbon d io x id e .  The p ro ­
d u cts were th en  f r a c t io n a te d  to  o b ta in  th e  n i t r o s y l  
c h lo r id e  f r e e  from c h lo r in e  and n itr o g e n  p e r o x id e ,  
th e  product was used  as c a ta ly s t  in  a n i t r a t io n  
s im ila r  t o  th o se  c a r r ie d  out w ith  NaCl* The r e s u l t s  
are  shown in  T able 6 . and g r a p h ic a lly  in  P ig*  10*
(See o v e r ) .
A.ia
A.ya
A
1 .3 0
1 .3 0  
1 .4 1
1 .5 4
The a c t i v i t y  o f  n i t r o s y l  c h lo r id e  i s  1 .3 7 .
I t s  s i m i la r i t y  t o  th a t  o f  c h lo r id e  su g g e s ts  th a t  i t  . 
m ight be the a c t iv e  component foim ed by th e  a c t io n o f  
sodium c h lo r id e  on m ixed a c id .
TABIE 6 .
1 C a ta ly s t M.N.T 5
m o l. %• tim e -
m in s .
10 20 30 40 50
0 .0 34 62 72 82 87
0 .0 6 60 78 83 88
The d i f f e r e n c e  in  th e  r a te  o f r e a c t io n  in  the  
c o n tr o l  n i t r a t io n s  o f d i f f e r e n t  s e r i e s  in d ic a te s  d i s ­
t i n c t  v a r ia t io n  in  th e  a c t i v i t y  o f  d i f f e r e n t  b a tch es  
o f m ixed a c id s .  In  order to  measure th e  r e la t iv e  
a c t i v i t i e s  o f  th e  h a l id e  c a t a ly s t s  a la r g e  b a tch  o f  
m ixed a c id  was prepared  f o r  n i t r a t io n  w ith  the h a l id e s  
o f  p o ta ss iu m . By u t i l i s i n g  s a l t s  o f  th e  same m eta l  
v a r ia t io n s  due t o  th e  p o s i t i v e  io n  were e l im in a te d .
The r e s u l t s  o f  th e se  t e s t s  are shown in  T ab le 7 .
TABIE 7 .
C a ta ly s t  
mol* JL
M.N.T. %.
t ir
10
lie
20
-  m; 
30
Lns. 
40
0 .0  
0 .1  P 
0 .1  C l 
0 .1  Br
26
47
53
59
52
74
79
81
72
88
90
90
80
M
.N
.T
.
(OO
8 0
7 0
6 0
.0
4 0
3 0
20
10
10 2  O  30 40 S o  60 7 0
-  TIME -  MINUTES 
FIG I O
1 \
P ig#  IX . shows th e  r e a c t io n  curves# These  
are  much more r e g u la r ly  d is t r ib u te d  than  th e  f lu o r id e  
curves in  the p r e v io u s  t e s t s #  The a c t i v i t y  v a lu e s  
a re  -
Af = ' 1 .6 7
Aci = 1 .9 7
A Qr = 2 .1 1
Ai = 2 .3 3
P lo t t in g  ttAii a g a in s t  atom ic w e ig h t r e s u l t s  in  
a curve# A more, l in e a r  r e la t io n s h ip  e x i s t s  betw een  
a c t i v i t y  and v e r t i c a l  p o s i t io n  in  th e  p e r io d ic  ta b le #  
I t  i s  on ly  p o s s ib le  t o  s t a t e  th a t  a c t i v i t y  in c r e a s e s  
w ith  a tom ic  w e ig h t , th e  a c tu a l  r e la t io n s h ip  b e in g  
in d e te r m in a te . For p r a c t i c a l  purposes th e  tim e f o r  
com p letion  o f r e a c t io n  i s  o f im portance# A s p e c ia l  
s e r i e s  o f  experim en ts were conducted to  determ ine t h i s  
tim e in  th e  case  o f the io d id e  c a ta ly s e d  r e a c tio n #
F or t h i s  purpose th e  r e a c t io n  was reckoned com plete  
when 99 % o f  th e  to lu e n e  had been converted-#
T able 8# shows the r e s u l t s  o b ta in ed  and th e y  are  
p lo t t e d  a g a in s t  th e  r e c ip r o c a l  o f tim e in  F ig#  1 2 . 
P lo t t in g  a g a in s t  */t makes the curves more s te e p  a t  
t  = oo , and s im p l i f ie s  e s t im a t io n  o f tim e o f v i r t u a l  
com pletion# The 99 % co n v e rs io n  l in e  i s  shown in
72
100
9o
8o
70
6o
^  50 
I
Z
i  5o  
2.0 
IQ 
o
0  10  2 0  30 40 50 6o To 6 0  ^ 0
— TIME. — MINUTES —
Fia II
73
9 9 % -
<1 O 4 *
lOO
8o
TO
60
£  50
r
>  CONTROL 30*C
o Control 6o°C
 “ ---------40
30
0 05 0 000-/O
RECIPROCAL of TIME in MINUTES
R G  12.
T4
th.© f ig u r e  and tlie  in te r c e p t s  o f  the r e a c t io n  curves  
w ith  t h i s  are  in d ic a te d  in  th e  r ig h t  upper c o m e r  o f  
the diagram* The in te r c e p t s  g iv e  th e  fo llo w in g  tim es  
f o r  v i r t u a l  com p letion  o f  r e a c t io n  -
30°C 60°C
c o n tr o l  200 53 .
0 .1  *  I .  125 40
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*  r e a c t io n  conducted a t  60°C.
A d ecrea se  in  o v e r a l l  tim e o f  some 35 $  i s  
in d ic a te d  and t h i s  m ight be capable  o f some in d u s t ­
r i a l  a p p lic a t io n *  A g a in s t  the com m ercial use o f  
h a lid e  as c a t a ly s t  may be c i t e d  the danger o f  i n ­
c re a sed  c o r r o s io n  o f  p la n t ,  and th e  use o f  such
V
c a t a ly s t s  would be s u b je c t  t o  the r e s u l t s  o f c o r r o s -
75
- io n  t e s t s .  The c o n s id e r a b le  in c r e a se  o f the r a te  
o f r e a c t io n  in  th e  e a r ly  s ta g e s  o f  n i t r a t io n  m ight 
be made use o f in  con tin u ou s m on on itra tion *
The s e t  p o in ts  o f T*N*T* prepared  from M*N.T* 
c a ta ly s e d  during n i t r a t io n  by f lu o r id e  and c h lo r id e  
were 78*3 and 7 8 .4 °C . Ho change in  th e  p r o p o r tio n  
o f  isom ers i s  th u s in d ic a te d *
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CHAPTER 5 .
CATALYSIS BY THE HEAVY ELEMENTS
The a c t i v i t y  o f  io d in e  as a c a t a ly s t  su g g es ted  
th e  p o s s i b i l i t y  o f  c a t a l y t i c  a c t i v i t y  by the e lem en ts  
o f h ig h  atom ic w e ig h t . I t  was a c c o r d in g ly  d ec id ed  
to  m easure th e  c a t a ly t i c  e f f e c t  o f  heavy e lem en ts  
from o th e r  groups o f  th e  p e r io d ic  t a b l e .
The p e r io d ic  c l a s s i f i c a t i o n  i s  shown in  Pig® 
1 3 . E lem ents examined are c i r c l e d .  Whenever th ey  
were a v a i la b le  th e  su lp h a te s  or n i t r a t e s  o f  the e l e ­
ments were employed so  a s  to  a v o id  in te r fe r e n c e  by 
e f f e c t s  o f  a c id  r a d ic a l s .  E stim a tio n  o f  a c t i v i t y  
was c a r r ie d  out in  e x a c t ly  the same manner as w ith  
the h a l id e s  in  th e  p rev io u s ch a p te r . The amount o f  
c a t a ly s t  added was 0 .1  %, a m o lecu la r  p ercen ta g e  of 
th e  e lem en t b ased  on th e  mass o f  to lu e n e .  The 
product o f  a l l  n i t r a t io n s  was con verted  t o  T.N*T. by 
th e  hem i-m acro method d e sc r ib e d  on Page 61 . Samples 
w hich showed h ig h  m e lt in g  p o in t  in  t h i s  t e s t  were
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s u b je c te d  t o  th e  more a ccu ra te  Dry S e t P o in t t e s t *  < 
The r e s u l t s  are  shown in  f u l l  in  T able 9 .
The column o f th e  ta b le  headed ^ A c t iv ity  Area11 
c o n ta in s  v a lu e s  o f  th e  area above th e  r e a c t io n  curves  
m easured on the d im ensions of M .N.T. % and m inutes*
The r e a c t io n  curves have n ot been p lo t t e d  because  
t h e i r  number and c lo s e  p r o x im ity  to  one an oth er  r e s u l t  
in  a v ery  con fu sed  diagram . F ig .  1 4 . shows th e  a c t ­
i v i t y  area  p lo t t e d  a g a in s t  p e r io d ic  group number.
The a c t i v i t y  area of the c o n tr o l r e a c t io n  i s  shown 
as a d o tte d  l in e  a c r o ss  th e  graph . I t  w i l l  be n oted  
th a t  e lem en ts e x h ib it in g  h ig h  a c t i v i t y  have a low  
a c t i v i t y  a r e a , th a t  o f the id e a l  c a t a ly s t  b e ih g  z e r o .  
P o in ts  below  the d o tte d  l in e  r ep re sen t p o s i t i v e  c a t ­
a l y s t s  and above th e  l in e  n e g a t iv e  c a t a ly s t s  or i n ­
h ib i t o r s  •
A rem arkable c o - r e la t io n  e x i s t s  in  the form o f  
th e  two c u r v e s . C on sid erin g  f i r s t  on ly  th e  e lem en ts  
o f th e  f i f t h  double o c ta v e , m eta ls  o f the l e f t  hand 
or WAW octave  a l l  l i e  on the upper l in e  (low  c a t a l y t i c  
a c t i v i t y )  and th o se  o f  th e  ttBtt oc tave  on th e  low er  
l in e  (h ig h  a c t i v i t y ) .  , In p e r io d ic  groups 1 , 2 ,  and 
3 ,  th e r e  i s  a p r o g r e s s iv e  s l i g h t  in c r e a se  in  a c t i v i t y ,
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ITABLE 9 .
C a t a ly s t . M.N .T . M .Pt. Dry A c t iv i t y
Tim
10
e-m5
20
.ns
30
of 
T. N.T.
°C
S e t
P o in t
°C
Area
m in .
C on tro l 53 68 82 7 6 .5 7 8 .5 2 1660
S i lv e r 68 81 91 7 4 .9 1225
Caesium 53 73 82 7 7 .1 7 8 .6 0 1670
Gold 58 81 91 7 6 .5 1315
Barium 52 70 83 7 6 .1 1685
Mercury 66 81 88 7 6 .6  . 1298
Lanthanum 58
56
74
74
85
84 7 4 .8 1600
T h allium 63 85 91 7 6 .5 1188
Lead 55 75 85 7 6 .5 1610
Thorium 48
48
70
69
80
87 7 6 .8 1950
Tantalum 48 67 77 7 6 .7 2030
Bism uth 53 75 87 7 6 .8 1558
T ungsten 55 74 84 7 7 .1 7 8 .5 0 1630
Uranium 48 69 81 7 7 .1 7 8 .6 0 1765
Iod in e 70 82 90 7 7 .1 7 8 .6 0 1200
Ir id iu m 56 81 90 7 6 .6 1410
P latinum 55 81 91 7 6 .5 1375
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but w h ile  th e  IlAu group e lem en ts are a lm ost n e u tr a l  
th o se  o f the ttBw c la s s  are h ig h ly  a c t i v e .  In  groups 
4 .  and 5 .  th e  a c t i v i t y  f a l l s  sh a r p ly , so  d i s t i n c t l y  
in  f a c t  th a t  tantalum  (group 4A) i s  a d e f in i t e  in h ib ­
it -o r . In  th e  WBW group t h i s  f a l l  in  a c t i v i t y  renders  
le a d  and bism uth n e a r ly  n e u tr a l .  Through groups 6 ,
7 and 8 a c t i v i t y  a g a in  in c r e a s e s  sh a rp ly  so  th a t  
io d in e  (7B) and ir id iu m  and p latinu m  (8A) are a l l  a c t ­
iv e  c a t a l y s t s .
P ig .  1 5 . has been c o n str u c ted  to  show g r a p h i­
c a l l y  n o t on ly  th e  f i f t h  double o c ta v e , but th e  whole  
p e r io d ic  c l a s s i f i c a t i o n  in  panorama. Gn t h i s ,  p o in ts  
r e p r e se n tin g  a l l  th e  e lem en ts in  T able 9 . have been  
p lo t t e d .  The a c t i v i t y  areas fo r  th e  h a lo g e n s , have 
been  deduced from the r e s u l t s  o f e s t im a t io n s  in  the  
p rev io u s ch ap ter  and are  a l s o  shown in  th e  f ig u r e .  
Making th e  speculative' assum ption th a t  curves o f  
wgroup a c t i v i t y 11 o f  th e  p rev io u s f ig u r e  ap p ly  through­
out th e  whole p e r io d ic  c l a s s i f i c a t i o n  we may th en  
c o n str u c t  a graph r e p r e s e n ta t iv e  o f  the a c t i v i t y  o f  
a l l  the e le m e n ts .
I t  w i l l  be observed th a t  in  oc tave  4B io d in e  
has an a c t i v i t y  area  o f  1200 u n it s  w h ile  bromine (3B)
has th e  v a lu e  1270 . T h is g iv e s  the WBU octave curve 
a s l i g h t  upward in c l in a t io n  as we proceed  from r ig h t  
t o  l e f t  on th e  graph, th e  curve p a ss in g  s u c c e s s iv e ly  
through  the p o in ts  -
I Group 7 Octave 4B 1200
Br tl TJ Octave 3B 1270
C l U rj Octave 2B 1320
F ft y Octave 1 1440
The r e l a t iv e  a c t i v i t y  a rea s  o f  uranium  
(o cta v e  6A) and tu n g ste n  (5A) g iv e  th e  mean g r a d ien t  
o f  the uAtt octave curve* T h is curve w i l l  g r a d u a lly  
approach th a t  o f  th e  UBH octave e lem en ts so  th a t  when 
we rea ch  the area  on the l e f t  o f  the graph r e p r e s e n t­
in g  th e  e lem en ts in  th e  f i r s t  two s in g le  o c ta v es  o f  
th e  p e r io d ic  t a b le ,  th e  curves are superim posed .
The a c t i v i t y  a rea s o f  a l l  the e lem en ts would 
th en  be supposed to  be th e  a p p ro p ria te  p o in ts  on the  
curves as shown. The p o in ts  r e fe r r in g  to  th e  e l e ­
m ents the a c t i v i t y  areas o f  w hich were m easured, 
have a g a in  been c ir c le d *
S i l v e r  i s  th e  on ly  elem ent th e  a c t i v i t y  o f  
w h ich  cou ld  n o t  be r e c o n c ile d  t o  the curve embracing 
th e  o th e r  e lem en ts and t h i s  we must assume t o  have
S3
been  due to  some ex p er im en ta l error*
The s e t  p o in t  d e term in a tio n s in d ic a te  th a t  
M .N.T. prepared  in  p resen ce  o f  th e se  c a t a ly s t s  con­
t a in s  th e  norm al q u a n tity  o f  m eta-isom er*
*
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CHAPTER 4 .
NATURALLY OCCURRING CATALYSIS
In  an e a r l ie r ,  s e r ie s  o f experim ents i t  was 
found th a t  n i t r a t io n  to lu en e  r e a c te d  w ith  m ixed a c id  
much f a s t e r  than th e  same m a te r ia l f r e s h ly  d i s t i l l e d  
a t  a tm osp h eric  p r e ssu r e , the t o t a l  tim e o f  n i t r a t io n  
under id e n t i c a l  c o n d itio n s  b e in g  n e a r ly  two hours f o r  
the l a t t e r  and on ly  t h i r t y  m inutes fo r  th e  former#
The e f f e c t  was a t t r ib u te d  to  the p resen ce  o f  c h lo r id e  
or th io p h en es in  th e  to lu e n e , but the su b je c t  was 
f e l t  w orthy o f  more com plete in v e s t ig a t io n  and the  
fo llo w in g  s e r ie s  o f  experim ents was conducted to  
e lu c id a te  the p o in t .
H igh g r a v ity  to lu e n e  (S#G# 0 . 8 6 8 ) was f r a c t ­
io n a te d  in  a YoungTs column in  b a tch es o f 1500 m is . 
T h is volume was sep a ra ted  in to  th ree  eq u a l f r a c t io n s ,  
th e  corresp ond ing  f r a c t io n s  o f a second  b atch  s im i­
l a r l y  tr e a te d  b e in g  combined (se e  P ig*  1 6 ) .  In  t h i s  
way th r e e  sam ples o f  1000 m is# were o b ta in ed .
These were in d iv id u a l ly  d i s t i l l e d ,  th r e e  f r a c t io n s  
o f 300 m is* b e in g  drawn and th e  f i n a l  100 m is . r e s id ­
ues b e in g  com bined. 200 mis# o f t h i s  r e s id u e  were 
d i s t i l l e d  and r e j e c t e d .  The rem aining 100 m is . was 
removed from the s t i l l  as f i n a l  r e s id u e  o f  the o r ig ­
in a l  3000 m is* o f  to lu en e*
The p r o c e ss  was r e p e a te d , corresp ond ing  
f r a c t io n s  a g a in  b e in g  combined t i l l  a good su p p ly  o f  
each  f r a c t io n  was a v a i la b le .  The d i s t i l l a t i o n  tem­
p era tu re  o f th e  f r a c t io n s  i s  shown g r a p h ic a lly  in  
F ig*  17*
ESTIMATION OF CHLORIDES.
An attem p t was made to  e s t im a te  c h lo r id e  in  
each  o f  the sam ples by p r e c ip i t a t io n  w ith  s i l v e r  
n i t r a t e  s o lu t io n .  Ho tu r b id it y  cou ld  be d e te c te d  
in  any o f th e  sam ples even w ith  the a id  o f  a s e n s i t ­
iv e  tu rb id im eter*
ESTIMATION OF THIOEHEMES+
Each f r a c t io n  was tr e a te d  w ith  a s o lu t io n  o f  
1 % i s a t l n  in  pure co n cen tra ted  su lp h u r ic  a c id *
On p ro lon ged  sta n d in g  a l l  f r a c t io n s  gave a b lu e
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co lo u r  In d ic a tin g  th e  p resen ce  o f th io p h e n e s . 
Thiophenes were e s t im a te d  as th iop h en e u s in g  D eniges  
reagen t prepared as f o l lo w s • -
10 gm3 . m ercuric  ox id e  was f i n e l y  ground 
and d is s o lv e d  in  a s o lu t io n  o f 40 m is . co n c . su lp h u r ic  
a c id  in  220 m is . d i s t i l l e d  w a te r . The s o lu t io n  was 
f i l t e r e d  and p reserv ed  in  a w e l l  sto p p ered  b o t t le *
To conduct th e  e s t im a t io n  50 m is . to lu e n e  
were p la c ed  in  a s to u t  b o i l in g  tube and 20 m is . of 
the rea g en t added. The tub© was c lo s e d  by a t i g h t l y  
f i t t i n g  cork and m ec h a n ica lly  shaken f o r  th r ee  hours*  
The s o lu t io n  was f i l t e r e d  through a ta re d  s in t e r  
c r u c ib le  and the p r e c ip i t a t e  (HgO.HgSO^J^C^B^S d r ied  
in  an a i r  oven a t  50°0 f o r  6 hours*
Such e s t im a t io n s  were c a r r ie d  out in  t r i p l i ­
ca te  on each  o f th e  f r a c t io n s .  The average r e s u l t s  
are shown in  T able 1 0 . and g r a p h ic a lly  in  P ig*  17 .
The r a te s  o f  n i t r a t io n  o f  the se p a r a te  f r a c t ­
ion s were then  determ ined in  e x a c t ly  the same manner 
as f o r  th e  h a l id e  c a t a l y s t s .  The r e s u l t s  are shown 
in  Table 1 1 .
The v a lu e s  o f th e  a c t i v i t y  area  f o r  the n i t ­
r a t io n  o f  each  d i s t i l l a t i o n  f r a c t io n  i s  p lo t t e d  in
TABLE 10
Sample Ho. 
(se e  P i g . 1 7 .)
Thi ophene 
#
1A 0 .0134
IB 0 .0143
1C 0 .0 1 9 8
2A 0 .0 1 9 0
2B 0 .0 1 2 7
2C 0.0232
3A 0 .0175
3B 0 .0 2 0 6
3C 0 .0 2 5 8
R 0 .0205
TABLE 11 .
F ra c t*
io n
Ho.
M.H.T. ef/£>. A c t iv ity
a r ea .
m in.
tim e - m inutes •
5 . 10 15 20 25 30 35
1A 11 .4 2 4 .0 o 8 .4 5 4 .6 6 8 .0 8 0 .4 8 7 .3 2050
IB 1 8 .8 4 6 .2 5 8 .0 72 o8 8 7 .6 9 4 .2 9 8 .0 1445
1C 2 4 .2 4 0 .4 5 8 .0 7 1 .5 8 5 .6 9 0 .2 9 4 .5 1505
2A 1 7 .9 2 4 .2 4 8 .0 6 6 .0 8 4 .0 9 0 .0 9 4 .1 1410
2B 2 6 .4 5 4 .2 7 2 .0 8 2 .6 8 8 .8 9 3 .8 9 7 .6 1217
2C 2 0 .8 4 3 .5 6 4 .0 7 8 .2 8 7 .5 9 2 .2 9 6 .2 1400
3A 2 5 .1 3 5 .0 5 2 .0 6 7 .7 7 8 .8 8 8 .0 1560
3B 1 7 .9 4 6 .2 5 0 .0 6 5 .8 8 0 .3 90 .3 96 .2 1485
3C 2 4 .2 4 3 .5 4 8 .4 6 8 .0 8 0 .5 8 7 .8 1620
R 6 4 .4 8 0 .3 9 0 .2 9 4 .5 9 5 .8 9 7 .8 9 9 .2 610
P ig .  1 7 . a lon g  w ith  th e  curves r e p r e se n tin g  p ro p o rt­
io n  o f th io p h en es and tem perature o f  d i s t i l l a t i o n .  
Comparison o f  the graphs shows th a t  th e  a c t i v i t y  of  
th e  r e s id u e  cannot be a t t r ib u te d  to  th e  th iophene  
co n ten t a lo n e , but accom panies an in c r e a se  in  the  
b o i l in g  p o in t  o f  the to lu e n e .  In th e  f i r s t  f r a c t io n  
(1A) where the b o i l in g  p o in t  i s  low th e  a c t i v i t y  i s  
a l s o  low (h igh  a c t i v i t y  a r e a ) .
That c a t a ly s i s  i s  n o t due t o  th iop hene  
was c o n c lu s iv e ly  proved by n i t r a t in g  a pure sample 
o f  to lu e n e  to  w hich 0 .1  % o f  th iop hene was added.
The r e a c t io n  r a te  was norm al in d ic a t in g  com plete in ­
a c t i v i t y  o f  th iop hene and the dry s e t  p o in t  o f T .N .T . 
made from the M .N.T. product so  ob ta in ed  was 78«7°C .
I t  was thought th a t  c a t a ly s i s  in  the res id u e  
m ight be due to  th e  p resen ce  o f  mono- and d i - e y c lo -  
p e n ta d ie n e s . C laxton  and H o ffe r t  (Coke Oven 
Manager*s Year Book 1941, 146) d e sc r ib e  the eshmethbr\ 
o f  th e se  in  com m ercial b e n z o le . The t e s t  em­
p lo y ed  by th e se  workers c o n s is t s  o f  shaking 5 m is . 
o f to lu e n e  w ith  an eq u a l q u a n tity  o f  0 .5  % sodium  
hyd roxid e in  m eth an ol, and 0 .4  m is . 1 % hydroquinone  
in  m eth an o l. A f te r  shaking fo r  15 secon ds and
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, s ta n d in g  10 se co n d s , a green  c o lo u r  i s  produced in  
p resen ce  o f  m on o-cyclop en tad ien e*  The t e s t  showed 
th a t  a l l  th e  to lu e n e  f r a c t io n s  were fr e e  o f  the, com­
pound* S in c e  th e  t e s t s  were conducted on fresh ly -  
d i s t i l l e d  to lu e n e , depolym erisation o f th e  dim er, i f  
p r e s e n t ,  would have occu rred , and th e  monomer would 
th e r e fo r e  have been d e tec ted *  The f a c t  th a t  none 
was found was taken  as ev id en ce  th a t none o f  the  
polym ers was o r ig in a l ly  p resen t*
I t  was concluded th a t r e s id u a l  to lu e n e  con­
ta in e d  some c a t a ly s t  o th er  than c h lo r id e , th iop hene  
or cy c lo p en ta d ien e*  That the c a t a ly s t  I s  n o t p ro ­
duced by hydrocarbon crack in g  a t  the tem perature of  
atm osp h eric  d i s t i l l a t i o n  was shown by the f a c t  th a t  
the r e s id u e  from vacuum d i s t i l l a t i o n  o f  to lu e n e  had 
the same r e a c t i v i t y  as th a t  from normal d i s t i l l a t i o n  
In an attem p t t o  o b ta in  some in fo rm a tio n  con­
cern in g  th e  n atu re  o f the c a t a ly s t  p r e se n t in  the  
to lu e n e  r e s id u e  the r e a c t i v i t y  o f  the m a te r ia l  a f t e r  
v a r io u s  a c id ic  and a lk a l in e  washes was stu d ied *
T able 12* shows the r e s u l t s  o f t h i s  s e r i e s  of e x p e r i  
•m ents*
TABLE 12
M a te r ia l Method o f  
d i s t i l l a t i o n
Washing
medium.
M.N.T* J6.
tim e -  m in u tes .
5 10 15 20
T oluene A tm ospheric W ater 27*0 5 0 .0 66 .3 7 6 .0
n it 5 1 .5 7 2 .0 8 6 .6 9 4 .1
R esidue ii Water 5 0 .5 7 5 .0 8 5 .9 9 1 .0
u Vacuum 5 1 .5 7 2 .8 7 9 .1 8 6 .6
u Water 4 9 .0 6 9 .8 7 4 .4 8 6 .6
A tm ospheric 5N H.2SO4. 4 8 .2 6 9 .6 7 7 .5 8 3 .7
« ii 5N MaHCOa 4 8 .2 6 8 .0 8 2 .2 8 8 .1ti 5N NaCH 35*0 5 6 .5 6 9 .6 7 7 .5
Tlie o n ly  w ashing medium w hich m a te r ia l ly  r e ­
duced the su bseq uent r e a c t io n  r a te  was sodium hydro­
x id e*  The c a ta ly s t  would th e r e fo r e  appear to  be 
a c id ic  in  natu re*  M oreover th e  in e f f e c t iv e n e s s  o f  
sodium  b ica rb o n a te  in  e x tr a c t in g  the c a ta ly s t  su g g e s ts  
p h e n o lic  form r a th e r  than a c a r b o x y lic  ac id *  A cid ­
i f i c a t i o n  o f th e  sodium hydroxide w ashings and e x tr a c t  
io n  w ith  e th e r  d id  n ot y i e l d  any p ro d u ct.
One o f the g r e a te s t  d i f f i c u l t i e s  was th a t o f 
o b ta in in g  a good su p p ly  of d i s t i l l a t i o n  r e s id u e , in  
v iew  o f  the f a c t  th a t  on ly  100 m is* cou ld  be produced  
from lon g  d i s t i l l a t i o n s  o f 3000 m is# o f  to lu en e*  
G lasgow C orporation  (Provan Chem ical Works) were a b le
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to  su p p ly  same g a llo n s  o f t a i l i n g s  from d i s t i l l a t i o n  
on the p la n t  o f  low g r a v ity  to lu e n e  from gas works 
b en zo le*  I t  was thought th a t t h i s  product m ight be 
r ic h e r  -in c a t a ly s t  than  normal n i t r a t io n  to lu e n e  
th ereb y  ren d erin g  i s o l a t io n  o f  th e  c a t a ly s t  more 
sim ple*  T h is to lu e n e  in  f a c t  showed g r e a t  la c k  of 
r e a c t i v i t y  compared w ith  h ig h  g r a v ity  m a te r ia l  
(Table 1 3 * ) .  On d i s t i l l a t i o n ,  th e  r e s id u e  showed no 
in c r e a se d  r e a c t i v i t y  compared w ith  th e  m iddle cut o f  
the p r o d u ct. Ho c a t a ly s t  cou ld  be i s o la t e d  from  
th e  r e s id u e , nor d id  w ashing w ith  sodium hydroxide  
reduce the a c t i v i t y  o f  th e  r e s id u e .
TABIE 13 .
M.H.T. %.
D e s c r ip t io n  o f sam ple. S .G . tim e -  m in u te s .
5 10 15 20
l . g a l l .  sample from f i n a l  
5 .g a lls , toluene d is t i l la t io n . 0 .8 6 0 1 7 .0 3 7 .0 5 3 .0 6 1 .4
(Provan Chem ical Works).
100 m is. resid u e  from la b .  
d i s t i l l a t i o n  o f 3000 m is. 0 .862 1 7 .0 4 0 .0 5 5 .0 6 1 .4
o f  p r e v io u s  sam p le .
1 . g a l l . s  amp le  penultima t  e 
5 .g a l ls ,  to luene d is tilla tio n 0 .857 1 7 .0 3 7 .0 5 3 .0 61*4
(Provan Chem ical W orks).
100 mis. resid ue from la b . 
d i s t i l l a t i o n  o f 3000 m is. 0 .8 6 0 1 5 .0 3 7 .0 5 3 .0 6 1 .4
o f  p rev io u s sam p le.
H igh G ra v ity  n i t r a t io n  
t o lu e n e . 0 .8 6 8 2 7 .0 50*0 66 .3 7 6 .0
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In  v iew  o f the d i f f i c u l t y  o f  i s o la t in g  any 
c a t a ly s t  from the r e s id u a l  to lu e n e  a new approach was 
made t o  th e  s u b je c t ,  in  w hich p h e n o lic  compounds we re  
added to  the to lu e n e  p r io r  to  n i t r a t io n ,  t o  determ ine  
i f  th ey  d id  ind eed  e x e r t  a c a t a l y t i c  e f f e c t *  The 
r e s u l t s  o f the experim en ts are shown in  T able 14*
As in  the p rev io u s t e s t s  the amount added was 0*1 
mol# % on th e  w eigh t o f  the to lu e n e .
TABLE 1 4 .
Sam ple. M.N.T. Dry
s e t
poant
Acti­
v ity
Area
TIME - MINUTES.
5 10 15 20 25 30 35
T oluene 20#8 4 3 .5 7 0 .0 8 0 .0 8 7 .9 9 3 .5 9 7 .2 7 8 .7 1270
”x y len e 2 1 .0 3 2 .0 5 7 .5 6 9 .6 8 0 .7 8 8 .1 9 3 .5 7 8 .3 1450
“p h en ol 4 2 .6 6 9 .6 8 0 .7 9 1 .1 9 3 .0 9 4 .1 9 5 .6 7 8 .5 955
Ko - c r e s o l 37'*0 5 8 .1 7 6 .4 8 8 .1 92 • 6 9 4 .1 9 6 .5 7 8 .4 1050
“m -c r e so l 3 7 .0 5 9 .8 7 9 .2 9 0 .0 9 3 .0 9 4 .1 9 6 .5 7 8 .6 975
ttK esid uew 6 4 .4 8 0 .3 9 0 .2 9 4 .5 9 5 .8 9 7 .8 9 9 .2 7 8 .3 610
The r e s u l t s  in d ic a te  p o s i t iv e  a c t i v i t y  o f  phen­
o ls  and c r e s o l s .  I t  w i l l  be observed  th a t  x y len e  
e x e r ts  no in f lu e n c e  on th e  r e a c t io n  r a te  from w hich i t  
would appear th a t  the a c t i v i t y  o f the c a ta ly s t  i s  c lo s e ­
l y  a s s o c ia t e d  w ith  the p o la r i t y  o f the s u b s t itu e n t s  in  
th e  benzene n u c le a s .
The M .N.T. produced in  th e se  n i t r a t io n s  was conr
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-v e r te d  to  T .N .T . by the stan dard  method and th e  dry  
s e t  p o in t  determ ined* The r e s u l t s  are shown in  the  
T able 14* b e s id e  th e  a c t i v i t y  areas*  A l l  the sam ples 
show a s l i g h t l y  low s e t  p o in t probably due t o  the  
p resen ce  o f  th e  n i t r a t e d  p h e n o lic  b o d ie s .
E x tr a c t io n  o f the M .N.T. w ith  5N sodium c a r ­
bonate gave a deep red s o lu t io n  w hich d e p o s ite d  red  
c r y s t a l s  on sta n d in g  fo r  a few h o u rs . These c r y s ta ls  
were f i l t e r e d  o f f  and r e c r y s t a l l i s e d  from w a ter . 
F in a l ly  the s o lu t io n  o f th e  c r y s ta ls  was a c id i f i e d  
and the y e llo w  p r e c ip i t a t e  ob ta in ed  r e c r y s t a l l i s e d  
frcwi a lc o h o l .  The product had M .Ft. 8 1°C and was 
th ou ght t o  be a m ixture o f 3 j 5 - d in i t r o - o r t h o -  and 
p a r a - c r e s o l s « (N o ltin g  and F e r o l ,  B er . 1885 , 18 ,
2 6 7 0 ) .
As an a id  in  th e  in v e s t ig a t io n  d in i t r o - c r e s o ls  
were prepared from o r th o -  and p a r a -c r e s o ls  by a 
s im p l i f i c a t io n  o f  th e  method o f D atta  and Varma 
(J.Am*Chem.Soc. 1919, 4 1 , 2 0 4 1 ) . The method d e s ­
c r ib e d  c o n s i s t s  o f su lp h o n a tin g  and th en  steam  d i s ­
t i l l i n g  t o  remove unchanged c r e s o l ,  a f t e r  w hich  
n i t r a t io n  i s  conducted a t  low tem p eratu re , by o x id es  
o f n itr o g en *  The su lp h on ate  o f c r e s o l  i s  e a s i l y
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h y d ro ly sa b le  and i t  was found th a t  no m atter  how long  
steam  d i s t i l l a t i o n  was conducted fr e e  c r e s o l  always 
occurred  in  th e  p ro d u ct. M oreover low tem perature  
n i t r a t io n  g iv e s  poor y ie ld *
An a d a p tio n  o f  th e  method was made, th e  p r e ­
p a r a tio n  b e in g  m o d ified  as f o l lo w s s -
The su lp h o n ic  a c id s  were prepared by 
h e a t in g  th e  c r e s o ls  w ith  100 % HaS04 ,  d i lu t in g  w ith  
an eq u a l mass o f  w ater  and h e a tin g  t o  90°C, when con­
c e n tr a te d  n i t r i c  a c id  (70 %) was added s lo w ly  t i l l  
r e a c t io n  su b s id e d . The s o lu t io n  was s t i r r e d  w h ile  
c o o lin g  and g ra n u la ted  d in i t r o - c r e s o l  so  foim ed  
f i l t e r e d  o f f  and r e c r y s t a l l i s e d  from a lc o h o l*  No 
ta r  was produced and th e  y ie ld  was alw ays over  90 % 
o f  th e  t h e o r e t i c a l .
3 : 5 - d in i t r o - o r t h o - c r e s o l  M .P t. 8 6 . 5°C
3 :5 -d in i t r o - p a r a -c r e s o l  M .Pt. 81.5°C
A m ixed m e ltin g  p o in t conducted w ith  the m at­
e r i a l  i s o la t e d  from M.N.T. and each  o f  th e  above 
su b sta n ces  in  tu rn  showed no d e p r e ss io n  w ith  the  
p a ra - compound.
A c e ty l  d e r iv a t iv e s  o f b oth  n i t r o c r e s o l s ,  p r e ­
pared by r e f lu x in g  w ith  a c e t i c  anhydride c o n ta in in g
a few  drops o f  syrupy phosp horic  a c id ,  gave M .Pt. p ara-  
1540 C and o r th o - 96°CW That o f th e  compound is o la t e d  
from m ono-n it r o to lu e n e  gave M .Pt. 154°C and was th e r e ­
fo r e  the d e r iv a t iv e  o f the 3 : 5 - d in i t r o - p a r a - c r e s o l .
The s o l u b i l i t y  o f  the d in it r o - o r t h o - c r e s o l  in  
sodium carbonate was found to  be much h ig h e r  than  
th a t  o f th e  para compound and t h i s  probab ly  accou n ts  
f o r  th e  f a i lu r e  to  i s o l a t e  th e  form er s a l t  by c r y ­
s t a l l i s a t i o n .  M olting  ( l o c .  c i t . )  su g g e s ts  th a t  the  
n i t r o c r e s o ls  are formed during th e  n i t r a t io n  by o x id ­
a t io n  o f  th e  to lu e n e  by m ixed a c id  or ox id es o f n i t ­
ro g en , or by o x id a t io n  o f 3 : 4 : 5 -  or 2 : 3 : 5 -  t r i n i t r o ­
to lu e n e  presumed t o  be formed in  the r e a c t io n .
A lthou gh  D .N .T . i s  som etim es produced during  
v ig o ro u s m o n o n itra tio n  i t  i s  thought u n l ik e ly  th a t  
any T.M .T. can be formed under th e  c o n d it io n s  h e r e ,  
but th e  f i r s t  h y p o th e s is  o f M olting made the su b je c t  
worthy o f  in v e s t ig a t io n ,  p a r t ic u la r ly  in  view  o f  i t s  
p o s s ib le  b ear in g  on o x id a t io n  lo s s e s  in T .M .T . manu­
f a c t u r e .
1500 m is . o f  to lu e n e  were f r a c t io n a te d  in  a 
fo u r  pear column, the f i r s t  100 m is . b e in g  drawn as  
f i r s t  cu t and th e  f i n a l  100 m is . as r e s id u e .  The
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m iddle cu t was then  fr a c t io n a te d  in  th e  same manner 
th e  f i r s t  and l a s t  100 m is , b e in g  c o l le c t e d  s e p a r a te ­
l y  and m ixed w ith  th e  corresp ond ing  cu ts  o f the f i r s t  
d i s t i l l a t i o n .  T h is p ro cess  was rep ea ted  t i l l  th e  
f i r s t  cut was 600 m is ,  the m iddle 300 m is* and the  
r e s id u e  600 m is .
Sam ples o f each  f r a c t io n  were e x tr a c te d  w ith  
sodium hyd roxid e s o lu t io n  and th e  e x tr a c t  steam  d i s ­
t i l l e d  t o  remove to lu e n e .  A c id i f ic a t io n  and e x ­
t r a c t io n  w ith  e th e r  gave only  a v ery  sm a ll r e s id u e  
o f ta r  th e  c h a r a c te r  o f w hich cou ld  n o t be d eterm ined . 
An attem p t to  form a p ic r a te  o f any c r e s o l  p r e sen t  
in  th e  to lu e n e  by d ir e c t  r e f lu x in g  w ith  p i c r i c  a c id  
was u n s u c c e s s fu l ,
150 m is , o f  r e s id u a l  to lu e n e  were r e f lu x e d  
f o r  90 m inutes w ith  s o l i d  sodium h y d ro x id e . The 
to lu e n e  was poured o f f  and a l i t t l e  w ater added t o  
d is s o lv e  the sodium h y d ro x id e . By co u p lin g  w ith  
d ia z o t is e d  p a r a -n it r a n i l in e  and w ith  b e n z id in e ,  
red  and brown dyes were o b ta in ed ,
A 70 ml* sam ple o f each  o f th e  c u ts  was n i t ­
r a te d  and th e  n i t r o c r e s o ls  e x tr a c te d  from th e M ,N.T. 
w ith  40  m is* 5N sodium ca rb o n a te , and the s o lu t io n
too
o f  th e  sodium s a l t s  s e t  a s id e  to  c r y s t a l l i s e *  A 
sample o f  u n d i s t i l l e d  to lu e n e  was s im i la r ly  tre a ted *  
The sodium s a l t s  were th en  f i l t e r e d  in  ta red  s in t e r  
c r u c ib le s  and d r ie d  in  a vacuum d e s s ic a t o r  b e fo re  
w eigh ing*  The r e s u l t s  o f the e s t im a t io n s  are shown 
in  T able 15*
TABIE 1 5 .
S ource of 
M.N.T.
N itr o c r e s o ls  
in  M .N .T .
%
C r eso l in  
t o lu e n e .. $•  
( t h e o r e t ic a l )
U n d is t i l le d  
t  o luene 0 .4 2 0 .3 4
1s t .  c u t . 0 .1 8 0 .1 5
M iddle c u t . 0 .0 9 0 .0 7
R e sid u e . 0 .7 8 0 .6 3
In  v iew  o f the method of e s t im a t io n  th e se  r e ­
s u l t s  must be regarded  as very  approxim ate* The 
d if f e r e n c e s  are n e v e r th e le s s  so  marked as t o  be s i g ­
n i f i c a n t .  I t  i s  rea so n a b le  t o  conclude th a t  th e  
r e s id u a l  to lu e n e  g iv e s  a much la r g e r  y i e ld  of n i t r o -  
c r e s o ls  on n i t r a t io n  than any o th er  fr a c t io n *  T h is  
may be con stru ed  in  one o f two w ays. E ith e r  -
(a ) The c r e s o l  i s  o r ig in a l ly  p r e se n t in  the  
to lu e n e  t o  th e  e x te n t  o f ap p rox im ately
(Of
0 .3  %.
or (b) The c a t a ly s t  w hich  occurs in  the r e s id u a l  
to lu e n e  must promote th e  o x id a tio n  o f  
to lu e n e  t o  c r e s o l ,  or o f M.N.T. t o  n l t r o - .  
e r e s o l s * ,
In su pp ort o f th e  f i r s t  assum ption  may be c i t e d  
th e  f a c t  th a t  dyes may be produced by co u p lin g  the  
sodium hydroxide e x tr a c t  w ith  p a r a -n lt r a n i l in e  or 
b en z id in e*  The sm a ll q u a n tity  o f t a r  o b ta in ed  by 
a c i d i f i c a t i o n  and e x tr a c t io n  o f  th e  sodium hydroxide  
e x tr a c t  in d ic a te s  th e  p o s s ib le  p resen ce  o f  some f o r ­
e ig n  su b sta n ce  in  th e  to lu e n e , though i t  g iv e s  no in ­
d ic a t io n  o f i t s  nature* A doption o f t h i s  th eo ry  in ­
v o lv e s  the assum ption  th a t  the c r e s o l  p r e se n t i s  n o t  
removed by norm al sodium hydroxide w ashing and su b se ­
quent d i s t i l l a t i o n  o f  th e  to lu e n e  during m anu factu re. 
The r e s u l t  o f th e  t e s t  i s  th e r e fo r e  somewhat in co n ­
c lu s i v e .  At t h i s  p o in t  th e  o r ig in  o f the c r e s y l ic  
b o d ies was l e f t  so  th a t  a stu d y  o f the c a t a l y t i c  
p r o p e r t ie s  o f p h en o ls m ight be more f u l l y  pursued*  
N itr a t io n s  were conducted in  w hich 0 . 5 % 
p h e n o lic  compounds were added as c a t a l y s t s ,  to  d e te r ­
mine w hich o f  th e se  produced th e  g r e a te s t  a c c e le r a t io n
ioa
in  the r a te  o f  r e a c t io n .  The r e s u l t s  are  shown in  
T able 16*
TABLE 1 6 .
C a ta ly s t M.N.T ~"7f• jo m A c t iv i t y
tim e -  m in u tes . A rea.
5 10 25 20 m in.
C on tro l 3 4 .0 5 3 .2 6 8 .0 7 6 .0 1670
Phenol 3 8 .9 5 7 .0 6 9 .6 7 7 .6 1550
B enzyl a lc o h o l 3 8 .9 6 4 .1 7 2 .8 8 0 .7 1420
o - c r e s o l 3 7 .0 5 7 .5 7 1 .2 8 3 .7 1340
m -c r e so l 4 4 .5 6 4 .7 7 9 .1 8 6 .6 1170
p - c r e s o l 4 0 .7 5 9 .8 7 2 .8 8 0 .7 1290
C atech o l 4 0 .8 6 3 .2 7 5 .0 8 4 .0 1240
R e so r c in o l 4 0 .8 6 3 ,2 7 5 .0 8 4 .0 1240
Q uinol 42 .6 63 .2 7 7 .5 8 5 .2 1200
P y r o g a llo l 4 6 .3 6 4 .7 7 6 .0 8 0 .7 1260
3 :5  D N -p -creso l 4 4 .5 63 .2 7 4 .3 8 2 .2 1320
P lo t t in g  th e  a c t i v i t y  area  a g a in s t  the number 
o f  p o la r  groups in d ic a te s  a s l i g h t  in c r e a se  in  a c t i v ­
i t y  as p o la r i t y  in c r e a s e s .  The m -c r e so l r e s u l t  can 
on ly  be a t t r ib u t e d  t o  ex p erim en ta l e r r o r . T h is i s  
bo>ifrne out by the f a c t  th a t when o r th o - and m eta- 
c r e s o ls  were p r e v io u s ly  t e s t e d  (Table 1 4 * ) , th ey , 
showed th e  same a c t i v i t y .  I t  i s  in t e r e s t in g  t o  n o te  
th a t  b e n z y l a lc o h o l  shows a s l i g h t l y  h ig h e r  a c t i v i t y  
than  phenol*
CHAPTER 5 , 
CATALYSIS BY THE ALCOHOLS
The h ig h  c a t a ly t i c  a c t i v i t y  o f the phenols as 
compared, t o  th a t  o f x y le n e  (Table 1 4 .)  coup led  w ith  
the f a c t  th a t  p o ly -h yd roxy  compounds e x h ib i t  h ig h er  
a c t i v i t y  than the m onohydric members o f the same 
s e r i e s  su g g e s ts  th a t  c a t a ly s i s  and p o la r i t y  are a s s o c ­
ia t e d .  I t  th e r e fo r e  appeared p o s s ib le  th a t  the  
a lc o h o ls  m ight be c a t a l y t i c a l l y  a c t iv e  and a number 
o f th e se  were exam ined. T h e ir  a p p lic a t io n  in  p la n t  
would n o t be l im it e d  by t h e ir  e f f e c t  on the m eta ls  o f  
th e  n i t r a t o r s  as are io n is e d  h a l id e s .  M oreover the  
stu d y  o f c a t a ly s i s  by a lc o h o ls  m ight g iv e  fu r th e r  
ev id en ce  to  J u s t i f y  th e  assum ption th a t  the p h e n o lic  
compounds are a c t iv e  in  consequence o f t h e ir  h ig h  
'p o la r i t y .
As b e fo r e  the c a ta ly s t s  were added t o  the r e ­
a c t io n  m ixture to  th e  e x te n t  o f 0 .5  % on th e  mass o f  
to lu e n e ,  and n i t r a t in g  c o n d it io n s  were e x a c t ly  the
104-
same as b e fo r e .  Three sep a ra te  b a tch es o f  mixed  
a c id  were used  in  th e  t e s t s ,  and a lth ou gh  th ey  were 
a l l  composed as a c c u r a te ly  as cou ld  be a sc e r ta in e d  -
5 % HHOj
25 fc H*0
70 % HjSO*
v a r ia t io n s  in  t h e i r  a c t i v i t i e s  were 
a p p a ren t. R e su lts  are thus record ed  under head in gs  
o f  B atch ”AU e t c . ,  and a com parison b lan k  i s  g iv en  
f o r  each  b a tc h  o f  a c id .  (Table 1 7 .)
In P ig .  1 8 . th e  a c t i v i t y  areas are p lo t t e d  
a g a in s t  th e  number o f  carbon atoms fo r  each  member. 
An in t e r e s t in g  e f f e c t  i s  th a t  o f  branching in  the  
carbon c h a in . W ith the prim ary a lc o h o ls  no d e f in i t e  
c a t a ly s i s  i s  e v id e n t and in  f a c t  th e se  som etim es show 
a s l i g h t  I n h ib it in g  e f f e c t .  Secondary and t e r t ia r y  
a lc o h o ls  on the o th er  hand e x h ib it  d i s t i n c t  a c t i v i t y .  
I t  would appear th a t maximum a c t i v i t y  i s  e x h ib ite d  
by a lc o h o ls  in  w hich branching i s  a maximum ( i s o -  
p ro p y l and t e r t - b u t y l ) .  For a tim e a c t i v i t y  in ­
c r e a se s  w ith  m o lecu la r  w e ig h t , but t h i s  r a p id ly  
p a sse s  through a maximum betw een p ro p y l and b u ty l  
a lc o h o ls ,  a f t e r  w hich in c r e a se  in  m o lecu la r  w eigh t  
r e s u l t s  in  low er a c t i v i t y .
105
TA
BL
E 
17
CQ
-P•H
>
•H
-p
o
< 1
oS 0 0 O
© • to to
Pi
©
Pi•r-i a COH a
n
°p  •
a eh
'c? •rl ** 
O
ra
© 
, p
IS
*=3
O  lO CO o
o
H aa
o
rH!
O
rH
IN IN 
IN IN
CO IN rH ^  
CO IN 05 In
IN H  
IN 05
CO 05 CO to H  CO CO CO I> to  CO to CO to  to  CO
CO ^
to  to
£0 ■—I i—i 
to  to  IN to
^ 02 
tO IN
lO
0 0 0 0 0 5 0 0 0 2
to  CO
to  02 05 CO 
co cO CO
l O t O J N t O H ^ l O r H  In  to
toCO
O t D C 2 O j N c 0 O l N  0 2 1 0
rH IN 
IN IN
03 ©  CO r l  01 ©  O  O  1003
CO CO 
to  to
O O 
•  •
to  co
CO
p
•HI oS
> © •
•H Pi Pi
P erf •r*i
O
<
S
o c o o o o o o o  o
to  t o  H  r l  ©  O  t o  H  IN
H H 0 2  02 I N 0 2 H 0 5  CO
H  r-l H  HI H  H
O
-Perf»o
•dH
O
< 1
r«
©
©
p
■P$
•
PJ
•H
a
E-t♦ 1
S3• ©
a•H
-P
H  IN IN IN 03 H O
LO CO
CO CO
eg eg >  02
05 CO
to  03
CO 05
O  O  CO ^  o  co
to  to
IN IN
02 IN 02 
IN IN CO IN
O  H  
♦ •
tO
IN CO
03 02 H O I N H O O
S3 8 CO 05 o  CO to  to  CO to ^  CO t o IN
to
O t O O O O O t O H
CO 03 IN LO CO CO 
CO CO to  CO
02 IN
to
•
05
CO
03•
03
CO
CO
•
03
IN
05
♦
05
P01 ■ 
t »i—I
as
P
aS
O
H
o
Pi
P  H  
Pi P
H
O
oS H
f t  o
H  H  O O 
£ £ erf erf
© p
H  
O
S  O £  P  Pft Pi erf 2 20 ft 43 rp p  
Pi 1 prfft O ,Q1 © I
I Io o 
ra ©
pq *2 ; H  Js; H  02
H
O
H  Pi O © o o 
^  I>S 
H  rH
e> o
1 0 6
I3oo
1200
c IIOO
<£ tO00
P  8 0 0
►EC
700
■i-
1500
1 4 0 0
SEC.
^  12.00
>  IIOO
;e c . TER.TIOOQ
l i e
 NUMBER OF CARBON M O M S -
F(Q | 6
107
C o n sid era tio n  o f the s e r ie s  m ethyl a lc o h o l ,  
g ly c o l  and g ly c e r o l ,  in d ic a te s  th a t  a c t i v i t y  in c r e a se s  
w ith  th e  number o f  p o la r  grou p s. T h is s e r ie s  was not 
con tin u ed  fa r  enough to  observe any maximum*
Experim ents were now extend ed  to  a ld eh y d es , 
k eto n es and c a r b o x y lic  a c id s  (Table 1 8 * ) . A gain th ey  
have been  p lo t t e d  as a c t i v i t y  area a g a in s t  number o f  
carbon atoms (P ig* 1 9 * ) . For t h i s  purpose carbon  
atoms in  th e  p o la r  groups are d isc o u n te d . Thus m ethyl -  
e th y l  k eton e i s  tak en  as a m o lecu le  o f th r ee  carbon  
atoms and one p o la r  group. Experim ents were not v ery  
com prehensive but i t  would appear th a t a c t i v i t y  in c r e a s ­
es as we p a ss from c a r b o x y lic  a c id s  through k eton es t o  
a ld e h y d e s , maximums b e in g  observed w ith  p r o p io n ic  a c id ,  
m e th y l-e th y l k eton e  and a c e ta ld e h y d e .
I t  i s  to  be c le a r ly  understood  th a t by c a t a ly t i c  
a c t i v i t y  o f  a lc o h o ls  and o th e r  organ ic  su b sta n ces i s  
in ten d ed  o n ly  th e  e f f e c t  o f  such a d d itio n  on th e  ra te  o f  
r e a c t io n .  C a ta ly s is  in  th e se  c a se s  i s  undoubtedly brought 
about not by th e  compounds th e m se lv e s , but by t h e ir  
p ro d u cts  o f  r e a c t io n  w ith  the n i t r a t in g  medium. The 
nom enclature h as been adopted p u re ly  fo r  s im p l i c i t y .
\
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TABES 1 8 .
C a t a ly s t .
, 0 .5  m o l . % .
M.N.T of• / 0 . . A c t iv i t y  
Area 
m in. $ .
Dry
S e t
P o in t
tim e -  m in u te s .
5 10 15 20
C on tro l 3 9 .0 5 8 .4 7 5 .2 8 6 .6 1090 78 .8
A ceta ldehyd e 5 1 .5 7 6 .0 8 8 .1 9 6 .5 6945 3 .2 7 6 .0 8 8 .1 9 6 .5
P rop ion - 4 8 .3 6 9 .6 7 9 .1 8 9 .6 912 78 .7aldehyde 4 6 .3 6 8 .0 7 9 .1 8 9 .6 • l
D im eth y l- 4 3 .0 63 .2 7 7 .5 8 6 .6 1017ketone 4 4 .5 6 1 .4 7 7 .5 8 6 .6
Me th y  1 - e t h y l - 4 9 .0 6 8 .0 8 2 .2 8 9 .6 915 78 .7k etone 4 7 .0 6 6 .3 7 9 .1 8 6 .6
Formic A cid 4 0 .7 5 8 .1 7 2 .1 8 3 .7 1090
A c e t ic  A cid 4 4 .5 6 3 .1 7 7 .5 8 6 .6 1020
P ro p io n ic  A cid 4 4 .5 6 4 .7 7 6 .0 8 5 .1 1020 78 .7
/ 0 9
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CHAPTER 6
THE EFFECT OF BITERFACIAL TENSION
I t  was e a r ly  apparent th a t  th e  in c r e a se d  r a te  
o f r e a c t io n  observed  in  p resen ce  o f  th e  c a ta ly s t s  
d e sc r ib e d  in  ch ap ters 2 .  t o  5 .  m ight be e x p la in ed  by 
t h e i r  e f f e c t  on th e  i n t e r f a c ia l  t e n s io n  betw een mixed  
a c id  and to lu en e*
E xperim ents were c a r r ie d  out in  the f i r s t  in ­
s ta n c e  on the p a r t i c l e  s i z e  in  em u lsions o f  mixed a c id  
and to lu e n e , w ith  and w ith ou t the a d d it io n  o f  c a t a ly s t .  
These experim en ts in  w hich attem p ts were made t o  o b ta in  
photom icrographs o f  th e  su sp en sio n  under standard con­
d i t io n s  o f  a g i t a t io n ,  had to  be abandoned on account 
o f  th e  to o  ra p id  movement o f  th e  p a r t i c l e s .  M easure­
ment by tu r b id im e te r  was l ik e w is e  u n su c c e s s fu l because  
the degree o f tu r b id ity  i s  n o t a l in e a r  fu n c t io n  o f  
th e  s i z e  o f p a r t i c l e s .  I t  was d ec id ed  to  measure the  
i n t e r f a c i a l  t e n s io n  betw een mixed a c id  and to lu e n e ,  
s in c e  t h i s  i s  a prim ary f a c t o r  govern in g  the s i z e  o f
IK
to lu e n e  p a r t i c l e s  under stan dard  c o n d it io n s  o f a g i t ­
a t io n .
The measurement was made by the drop w eigh t  
m ethod, and rea d in g s are ex p ressed  as drop w e ig h ts ,  
s in c e  the a c tu a l  i n t e r f a c i a l  t e n s io n  was n ot o f prim ­
ary  i n t e r e s t .  The to lu e n e  employed was a d i s t i l l e d  
h ig h  g r a v ity  m a te r ia l  and the fo llo w in g  m ixed a c id s  
were u sed .
S e r ie s  1 . S e r ie s  2 . S e r ie s  3 .
H aSQj. 7 0 #  HfcSO* 60% HaSO*. 5 0 #
H a 0  30%  H a 0  35%  H a 0  45%
HN03  -  HH03  5% HH03  5%
These were chosen so  as n o t t o  r e a c t  w ith  
to lu e n e  a t  room tem p eratu re, but to  em ulate the approx­
im ate su r fa c e  te n s io n  o f the noim al m ixed a c id  used  
in  the p rev io u s ex p er im en ts .
The a c id s  were dropped in t o  w eighed amount of  
to lu e n e  co n ta in ed  in  a narrow necked f l a s k ,  the sto p p er  
o f w h ich  was removed on ly  when the dropping t i p  was 
immersed* A b lan k  experim ent was c a r r ie d  out to  d e ter ­
mine lo s s  by e v a p o ra tio n  and t h i s  proved to  be n e g l i ­
g ib le *  The tem perature throughout the experim ents  
was 18°C♦
,l?
The f la s k  c o n ta in in g  th e  to lu e n e  was w eighed  
and 25 drops o f mixed a c id  in trod u ced  b e fo re  rew eigh­
in g .  C a ta ly s t  was th en  added and th e  f l a s k  reweighed, 
the d if f e r e n c e  g iv in g  th e  mass o f  c a ta ly s t  fo r  the  
fo llo w in g  t e s t .  The form er d if fe r e n c e  in  w eight  
m u lt ip l ie d  by fo u r  ( i . e .  mass o f 100 drops) i s  p lo t t e d  
a g a in s t  the p ro p o r tio n  o f c a t a ly s t  in  th e  graphs w hich  
fo l lo w  (F ig . 2 0 . ) .
When c r e s o ls  are  added to  m ixed a c id s  c o n ta in ­
in g  n i t r i c  a c id ,  r e a c t io n  may o ccu r . A cco rd in g ly  
n i t r o c r e s o ls  were used in  t e s t s  w ith  a c id s  2 and 3 .
I t  was n o ted  th a t  w ith  c e r ta in  c o n c e n tr a tio n s  o f  
a lc o h o ls ,  r e a c t io n  d id  occu r, as ev id en ced  by a slow  
e v o lu t io n  o f  g a s .  T h is zone o f  r e a c t io n  i s  shaded  
in  the accom panying graphs •
The r e s u l t s  show th a t  th ere  i s  a marked d ecrease  
in  the i n t e r f a c i a l  te n s io n  o f to lu e n e  and m ixed a c id  
by the a d d it io n  o f  hydroxy compounds, e x cep t in  the  
case  o f  p h e n o ls . The e f f e c t  in c r e a se s  w ith  in c r e a se  
in  th e  m o lecu la r  w eigh t and w ith  the h ig h e r  a lc o h o ls  
i s  marked even  in  p resen ce  o f  sm a ll p ro p o r tio n s o f  the  
c a t a l y s t .
The in c r e a se d  r e a c t i v i t y  o f to lu e n e  on a d d it io n
(HEN O '„
MOL % CATALYSTMOL % CATALYSTCATALYST
o f a lc o h o ls  m ight be e x p la in e d  by th e  f a c t  th a t  th e  
a lc o h o ls  reduce th e  i n t e r f a c i a l  t e n s io n  and th ereb y  
in c r e a se  th e  degree o f d is p e r s io n  o f th e  to lu e n e  in  
th e  m ixed a c id #  T h is th eo ry  how ever does n o t e x p la in  
the d if f e r e n c e  in  r e a c t i v i t y  w ith  prim ary, secondary  
and t e r t i a r y  a lc o h o ls  o f the same m o lecu la r  form u la , 
s in c e  th e se  show th e  same r e d u c tio n  in  the i n t e r f a c i a l  
t e n s io n .  M oreover a lth o u g h  i n t e r f a c i a l  t e n s io n  d e ­
c r e a se s  w ith  in c r e a se  in  m o lecu la r  w eigh t throughout 
th e  w hole s e r i e s  m ethanol to  am anol, c a t a l y t i c  e f f e c t  
p a sse s  through a maximum a t  propanol# The two e f f e c t s  
are th e r e fo r e  in com p atib le#  I t  may be s a id  th en  th a t  
a lth o u g h  the r e d u c tio n  in  i n t e r f a c i a l  t e n s io n  i s  p o s s ­
ib ly  p a r t ly  r e s p o n s ib le  f o r  th e  in c r e a se  in  th e  r a te  
o f r e a c t io n  betw een to lu e n e  and mixed a c id ,  i t  i s  c e r ­
t a i n l y  n o t w h o le ly  s o .
The case  w ith  regard  to  th e  c r e s o ls  i s  c le a r#  
A lthou gh  th ey  produce no marked d e p r e ss io n  o f  the  
i n t e r f a c i a l  t e n s io n , th ey  c a ta ly s e  the n i t r a t io n  o f  
to lu e n e .  They must th e r e fo r e  be regarded  a s c a t a ly s t s  
in  th e  norm al sen se  o f th e  word. T h e ir  r o l e in  4;he 
n i t r a t i on may be th a t  o f  an a n t i ex id a n t , th e  a lo o h o ls - be -  
h av in g  s im il a r l y .
115
PAB3? IX.
D I - N U J B A M O O S r *
fie
/CHAPTER 7 .
THE EFFECT OP CHLORIDE 
OH THE RATE OP DI-NIT RAT IOH«
A lt e r  the d e t e c t io n  o f  c a t a l y t i c  e f f e c t  o f  
h a l id e s  in  m o n o n itra tio n  i t  was d ec id ed  to  s t u d y  th e  
e f f e c t  o f c h lo r id e  on d in it r a t io n *
The product n ear the end o f  r e a c t io n  b e in g  
s o l i d  a t  rocsn tem peratures i t  was n e c e ss a r y  t o  adopt 
a method o f  e s t im a t io n  o th er  than r e f r a c t iv e  in d e x .  
S p e c i f ic  g r a v ity  was found to  be a s u i ta b le  c r i t e r ­
io n .  In  order th a t la r g e  sam ples would n o t have to  
be removed from th e r e a c t io n  m ixture s p e c ia l  pykno- 
m eters were made w ith  a c a p a c ity  o f 0 .0 5  to  0*40 m is .  
One o f th e se  i s  shown on stan d  b e s id e  a s i n t e r  cru ­
c ib le  t o  i l l u s t r a t e  com parative s i z e ,  in  P ig*  21*
A pyknom eter o f c a p a c ity  0*15 m is . g iv e s  ap p rox im ate ly  
1 % accu racy  when w eighed  t o  0*2 mg*
To carry  out th e  e s t im a t io n , a sam ple o f  2 m is .  
o f  r e a c t io n  s lu r r y  were removed from the n i t r a t o r  and 
drowned in  10 m is . o f w a te r . The n itro b o d y  was
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•' se p a r a ted  in  a hand c e n tr ifu g e  and washed tw ic e  w ith  
w a te r . A f te r  dry in g  a t  90°C t i l l  i t  showed no t u r ­
b i d i t y ,  i t s  s p e c i f i c  g r a v it y  was determ ined  a t  the  
same tem p eratu re.
A gain  i t  was found th a t  a c t i v i t y  v a r ie d  w ith  d i f f e r e n t  
b atch es o f  a c id  and a la rg e  b a tch  o f a c id  was made 
f o r  use throughout th e  t e s t s *
The M.N.T. used  was a com m ercial sample c o n ta in ­
in g  tr a c e s  o f a c id s  u sed  in  i t s  m anufacture* Two 
experim en ts were conducted on a vacuum d i s t i l l e d  p ro ­
d u c t . The r e s u l t s  o f  a l l  the t e s t s  are shown in  
Table 19* The apparatus used  v/as the same as th a t  
f o r  m o n o n itra tio n  and the tem perature was m ain ta in ed  
a t  20°C throughout*
In g e n e r a l on ly  v ery  s l i g h t  a c t i v i t y  i s  e x h ib ­
i t e d  by c h lo r id e  under th e se  c o n d it io n s .  B earing  in  
mind the in c r e a se d  c o r r o s io n  w h ich  would a tte n d  the  
use o f  sodium c h lo r id e  under p la n t  c o n d it io n s , i t s  
a d o p tio n  would n o t appear to  be j u s t i f i e d *
The n i t r a t in g  a c id  had co m p o sitio n  -
HN03
HaS0«.
h 40
7u /o 
20  %
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TABIE 19*
C a ta ly s t  
M ol. %.
D.H .T . i • A c t iv i t y
area
min#
tim e - m in u te s .
10 20 30 60 100
C on tro l 35 58 73 91 99 2640
C on tro l 37 60 74 91 98 2580
0 .1  % C l. 47 73 82 91 100 2300
1 .0  % C l. 50 75 83 91 100 2240
i . o  i  c i . 37 61 75 90 99 2520
C on tro l 12 25 36 66 98 5440
C on tro l 12 25 36 66 98 5440
0 .5  % C l. lo 26 37 67 98 5400
0 .5  % C l. 13 26 37 69 99 5200
C on tro l * 19 36 52 80 100 4060
0 .5  % C l .* 21 42 58 84 100 3620
* D i s t i l l e d  M.N.T.
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CHAPTER 8 .
EFFECT OF HALIDES, CRESOIS, AND ALCOHOLS 
ON THE RATE OF TRI-NITRATION.
The m o n o n itra tio n  apparatus was adapted  f o r  
t r i n i t r a t i o n  by a llo w in g  f o r  continu ous h e a t in g  o f  
th e  e x te r n a l  w a te r -b a th . As the n i t r a t io n s  were 
c a r r ie d  out in  a la r g e  e x c e ss  o f  su lp h u r ic  a c id  and 
were thu s s in g le  phase r e a c t io n s ,  s t i r r i n g  c o n d it io n s  
were n ot c r i t i c a l *
The p r o g ress  o f  r e a c t io n  was fo llo w e d  by  
measurement o f  the s p e c i f i c  g r a v ity  o f th e  n itr o b o d y .  
At in t e r v a ls  sam ples o f the s lu r r y  were removed from  
th e  n i t r a t o r  and drowned in  w ater* The n itro b o d y  
was sep a ra ted  by c e n tr i fu g in g , washed w ith  b o i l in g  
w a te r , d r ied  in  a steam  oven fo r  th r ee  hours and i t s  
s p e c i f i c  g r a v ity  a t  95*0 measured u s in g  one o f  the  
sm a ll pyknom eters* Experim ents on th e  optimum s i z e  
o f pyknometer showed th a t  one of about 0 .3  m is .  
c a p a c ity  gave r e l ia b l e  r e s u l t s  w ith o u t n e c e s s i t a t in g
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the rem oval o f unduly la r g e  sam ples from the n i t r a t o r .
The method o f  n i t r a t io n  c o n s is te d  o f  h e a tin g  
th e  n itro b o d y  and su lp h u r ic  a c id  to  th e  d e s ir e d  temp­
e r a tu r e  o f  n i t r a t io n  and adding th e  c a lc u la te d  q u a n tity  
o f  n i t r i c  a c id  t o  the s o lu t io n .  50 gm s. D .N .T . were 
h e a ted  in  the n i t r a t o r  w ith  380 gms. 100 % H^O^. to  
100°C • 180 gms. o f  a m ixture o f 20 % HN03 and 80  fo
H*S0* were added c o ld  when i t  was d e s ir e d  to  s t a r t  
th e  r e a c t io n .  The l a t t e r  dry a c id  was made from 5 % 
oleum and 95 % HN03 . By the a d d it io n  o f an anhydrous 
a c id ,  h e a t o f  d i lu t io n  on a d d it io n  was a v o id e d . The 
a d d it io n  o f  t h i s  a c id  reduced th e  tem perature in  the  
n it r a t o r  to  95-97°C . Im m ediately a fterw a rd s the  
tem perature ro se  to  1 0 4 -1 0 7 °C by the h e a t o f  r e a c t io n ,  
and c o o lin g  was a p p lie d  v ia  th e  c o i l s  t o  m a in ta in  the  
tem perature a t  100°C. L a te r , c o o lin g  was u n n ecessary  
th e  w a te r -b a th  a t  100°0 m a in ta in in g  th e  proper tem per­
a tu r e .
C a ta ly s ts  were added to  th e  su lp h u r ic  a c id -  
D .H .T . m ixture j u s t  p r io r  t o  th e  a d d it io n  o f  th e  n i t r i c  
a c id .  In  ev ery  case  th e  amount was 0*5 % as a m ole­
c u la r  p ercen tage  o f  th e  D.1T.T. The r e s u l t s  are shown 
in  T able 20*
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TABXE 2 0 .
C a ta ly st* T .N .T . clJo• A c t iv i ty
t im e -m in u te s . Area
10 20 40 60 80 120 160 200 mln* %■+
Lclci :3a tc h  «A«
C on trol 48 62 78 83 86 90 93 95 3920
C on tro l 48 62 79 83 86 91 94 96 3800
Cl as EDI. 48 66 82 90 93 96 98 99 2840
C l as EDI. 54 72 84 90 93 96 98 98 2840
I  as K I. 50 72
1
85
Icic
90
I I
93
3atc
95 
h "
97
Bn
98 2840
C on tro l 59 75 83 86 89 91 93 95 3360
3 :5  D N -p -creso l 61 81 91 93 95 97 98 99 1830
3 ;5  D N -p -creso l 62 82
J
91
Icic
94 
I I
96
Bate
98 
h  »
98
Cu
99 1780
C on tro l 53 73 86 93 96 98 99 100 1980
C on tro l 56 74 86 92 95 97 98 99 2050
C on tro l 52 72 87 92 94 96 98 99 2160
3 :5  D N -p -creso l 59 74 86 92 95 97 99 99 2050
3 :5  D N -p -creso l 56 75 87 93 96 98 99 100 1960
Amyl a lc o h o l 52 71 87 91 94 96 98 99 2240
I  as K I. 55 73 90 93 95 98 99 100 1920
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SECTIONS.
SEPARATION OP NUROBODIES
I £5
The o b je c ts  in  c a t a ly s i s  in  n i t r a t io n  o f to lu e n e  
may be sim p ly  s ta t e d  a s : -
(1 ) In  m o n o -n itr a tio n , a l t e r a t i o n •o f  iso m er ic  
c o m p o sitio n .
(2) . In  a l l  n i t r a t io n ,  m ono-, d i - ,  and t r i - ,
in c r e a se  in  r a te  o f r e a c tio n *
The f i r s t  o b je c t  has as y e t  proved as in cap ab le  
o f  s o lu t io n  by c a t a ly s i s  as by any o th er  v a r ia t io n  o f  
the n i t r a t io n  p r o c e s s .  In  the secon d  o b je c t  some 
su c c e s s  has a tten d e d  the ex p er im en ts , the m ost marked 
in c r e a se  b e in g  observed  in  c a t a ly t i c  m o n o -n itr a tio n .
I t  i s  however the d i -  and t r i - n i t r a t i o n  th a t  the 
g r e a te s t  tim e o f c o n ta c t  betw een the rea g en ts  i s  
n e c e s s a r y . I t  would appear th e r e fo r e  th a t  i f  a pur­
i f i c a t i o n  method were a v a i la b le  w hich would remove 
D.1T.T. fr o m T .N .T . I t  would render p o s s ib le  the r e ­
d u c tio n  o f  tim e o f n i t r a t io n  sim p ly  by d isch a rg in g  
the f i n a l  n itro b o d y  from the t r i - n i t r a t o r  b e fo re  
com p letion  o f r e a c t io n ,  thus a t ta in in g  the same o b je c t  
as c a t a ly s i s  in  t r i - n i t ' r a t io n .
During the f i r s t  World War a ttem p ts were made
l2.(o
t o  e v o lv e  a com m ercial method o f p u r ify in g  T.N*T*
from D .H .T . by b o th  ch em ica l and p h y s ic a l  methods* 
S u ccess  was l im it e d  bu t i t  was co n sid ered  th a t the  
problem  m ight be capab le  o f  s o lu t io n  in  th e  l i g h t  
o f  more m odem  d evelop m en ts, and th e  fo l lo w in g  
s e c t io n  i s  d evoted  t o  a stu d y  o f  the s e p a r a t io n  o f  
the h ig h e r  n itr o b o d ie s*
M oreover i t  i s  p o s s ib le  th a t  i f  la r g e  p ro ­
p o r t io n s  (e .g *  30  %) o f  D .N .T . cou ld  be removed from  
T.N.T* i t  m ight be made th e  b a s is  o f  a more econ om ica l 
m anufacturing p r o c e s s ,  s in c e  the co n v e rs io n  o f D*R.T. 
t o  a n itro b o d y  m ixtu re  c o n ta in in g  70 % T.H*T. can be 
e f f e c t e d  in  ap p rox im ate ly  one s i x t h  o f the tim e r e ­
q u ired  f o r  com plete con version *  The d i-n itr o b o d y ,  
p rov id ed  i t  was removed by p h y s ic a l  means and was n ot 
c h e m ic a lly  combined in  any way, would be a v a i la b le  
fo r  r e c y c lin g *  As fa r  as can be a s c e r ta in e d  no con­
s id e r a t io n  has been  g iv e n  t o  th e  t e c h n ic a l  se p a r a t io n  
o f m ix tu res l ik e  t h i s ,  but as has been  m entioned th e  
rem oval o f sm a ll q u a n t i t ie s  (up to  1 %) o f  D J .T .  has 
been  s t u d ie d . T e c h n ic a l Records o f E x p lo s iv e  Supply  
1 9 1 5 -1 8 , 2 ,  2 0 , d e sc r ib e  th e  fo llo w in g  p r o c e s s e s : -
(1 ) P u r if ic a t io n  by O rganic S o lv e n t s .  
C r y s t a l l i s a t io n  from a lc o h o l  and b en zen e-  
a lc o h o l  m ix tu res on the p la n t  gave good  
r e s u l t s  b u t was abandoned a f t e r  some d i s ­
a s tr o u s  e x p lo s io n s .  These a p p a ren tly  
occurred  in  r e c o v er in g  the s o lv e n t  by 
d i s t i l l a t i o n  and some m o d if ic a t io n  here  
m ight y e t  made the p r o c ess  p r a c t ic a b le .
(2 ) C r y s t a l l i s a t io n  from s u lp h u r ic , n i t r i c  
or m ixed a c id s .
The main d i f f i c u l t i e s  were -
(a ) Large amounts o f  HeSQ* r e q u ir e d .
(b) A ccum ulation  o f unsym m etrical
T .N .T .Ts in  m other l iq u o r  ren d erin g
i t  u n su ita b le  f o r  n i t r a t io n  p u r-#
p o s e s .
(c )  D i f f i c u l t i e s  o f  f i l t e r i n g  and hand­
l in g  s t r o n g ly  a c id  m other l iq u o r s .
C r y s t a l l i s a t io n  b e in g  a cumbersome p r o c ess  
under p la n t  c o n d it io n s , i t  i s  d o u b tfu l  
i f  e i t h e r  o f  th e se  methods r e p r e se n ts  
id e a l  in d u s t r ia l  p r a c t i c e .
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P u r if ic a t io n  by Hot Water W ashing.
T h is  method was q u ite  u n s u c c e s s fu l.  
C e n tr ifu g a l M ethods.
D .H .T . a n d T .U .T . gave low m e lt in g  e u t e c t ­
i c s ,  removed by w ashing w ith  h o t w ater  
in  a b a sk et c e n tr i fu g e .  T h is method 
gave v ery  prom ising  r e s u l t s  and aroused  
a g r e a t  d e a l o f  in t e r e s t  a t  th e  thue o f  
i t s  a p p l ic a t io n .  I t  was fu r th e r  im­
proved by the a d d it io n  o f p h en ol to  th e  
m ixture to  g iv e  a low er m e lt in g  e u t e c t i c  
o f  the D .N .T . ren d erin g  w ashing more 
s im p le .
P ressu re  M ethods.
These were based  on th e  same p r in c ip le  as
\
th a t  o f  the c e n tr i f u g a l  m ethods, but the  
e u t e c t i c  was removed by p r e s s in g  th e  
n itr o b o d y . S e p a r a tio n  was found to  be 
l e s s  com p lete .
P u r if ic a t io n  by Aqueous S o lu t io n  W ashing. 
T h is method i s  v e ry  w ell-k n ow n , th e  f i n a l  
developm ent r e s u l t in g  in  the modern s u l ­
p h ite  p r o c e s s .
Some o f th e se  p r o c e sse s  have been  examined 
h ere w ith  a v iew  t o  t h e ir  e x te n s io n  to  m ix tu res con­
ta in in g  la r g e  amounts o f  D.3J.T. In  p a r t ic u la r ,  
e f f o r t s  have been  d ir e c te d  towards th e  use o f  two 
r e c e n t  methods o f s e p a r a t io n , namely therm al d i f f u s io n  
and h ig h  vacuum d i s t i l l a t i o n *
W elch (Ann*Rep.Chem.Soc* 1940, 3 7 , 153) d e s ­
c r ib e s  the se p a r a t io n  o f  gaseou s is o to p e s  by therm al 
d i f f u s io n ,  and Kendal (natu re 1942, 150 , 136) r e f e r s  
t o  the se p a r a t io n  o f  l iq u id s  o f d i f f e r e n t  m o lecu la r  
w eig h ts  by th e  same p ro cess*  The method appears t o  
g iv e  c r i t i c a l  s e p a r a t io n  but i s  l i a b l e  t o  be slow  in  
c e r ta in  cases*
The s e p a r a t io n  o f m ix tu res by so  c a l le d  m ole­
c u la r  d i s t i l l a t i o n  w hich In v o lv es  th e  r e d u c tio n  o f  
p re ssu re  over th e  m a te r ia ls  to  su ch  an e x te n t  th a t  
permanent gas m o lec u les  become so  sp a rse  as n o t t o  
in t e r f e r e  w ith  the f r e e  f l i g h t  o f  the vapour m o le c u le s ,  
i s  one th a t  m e r its  p a r t ic u la r  n o t e .  R eferen ces to  
the use o f  t h i s  v a lu a b le  tech n iq u e  are innum erable.
I t s  d is c o v e r y  fo llo w e d  the in v e n t io n  by Gaede. (Ann.d* 
P hys. 1915 , 4 6 , 357) o f the m ercury d i f f u s io n  pump
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and i t s  su bseq uent improvement by Langmuir (Phys #Rev . 
1916, 8 , 48 ) e n a b lin g  tlxe a tta in m en t o f  p r e v io u s ly  
im p o ss ib le  low p r e s s u r e s .  I t s  a p p l ic a t io n  t o  the  
s e p a r a t io n  o f  v ita m in es  (Hickman U .S .P . 1 ,9 2 5 ,5 5 9 .  
1930; Carr and J e w e ll  B .P . 4 1 5 ,0 8 8 . 1933* Nature 
1933, 151, 92; Wateaman and Van D ijc k  D utch P . 3 7 ,4 3 5 .  
1933) i s  now w ell-k n ow n , some o f  th e se  b e in g  produced  
fo r  com m ercial d i s t r ib u t io n  by t h i s  method#
Of p a r t ic u la r  in t e r e s t  w ith  r e sp e c t  t o  p la n t  
a p p l ic a t io n  Is  the d e s c r ip t io n  by Burch and Van 
D ijc k  (Proc.Chem.Eng.Gp. 1938 , 2 0 , 81) o f  a p i l o t  
p la n t fo r  the p ro d u ctio n  o f  h ig h  grade lu b r ic a t in g  
o i l s ,  in  y ie ld s  o f  fo u r  t o  e ig h t  to n s d i s t i l l a t e  per  
day.
P a ten ts  have been ob ta in ed  f o r  improvements 
in  b o th  pumping equipment and s t i l l s ,  c h i e f ly  con­
cern in g  th e  use o f  o i l  in s te a d  o f  m ercury in  d i f f u s ­
io n  pumps and schem es f o r  combining th e  s t i l l  and 
pump in  one u n it#  L a te s t  d e s ig n s  o f  o i l  d i f f u s io n  
pump in c o rp o ra te  au tom atic  f r a c t io n a t io n  o f  the o i l  
and p r e s e n ta t io n  o f b e s t  o i l  to  the i n l e t  end o f  th e  
pump#
H igh vacuum d i s t i l l a t i o n  appeared to  o f f e r
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g r e a t  p o s s i b i l i t i e s  o£  the se p a r a t io n  o f  n itro b o d y  
m ixtu res and had c e r ta in ly  n o t been  one co n sid ered  as  
a com m ercial s e p a r a t io n . A tte n t io n  was n e v e r th e le s s  
d ir e c te d  towards th e  o th e r  methods d is c u s s e d  p r e v io u s ly .
i CHAPTER 1*
EXTENSION OF APPLICATION OF EARLY METHODS
Of th e  s i x  methods d e sc r ib e d  in  T e c h n ic a l Re* 
cords o f  E x p lo s iv e  Supply o n ly  th r ee  appeared to  
m erit fu r th e r  exam in ation , namely c r y s t a l l i s a t i o n  
.from  s o lv e n t s ,  and from a c id s ,  and the e u t e c t i c  p r in ­
c i p l e .  O bviously  se p a r a t io n  by w ater  w ashing would  
be in e f f e c t i v e  b e c a u s e .o f  the low s o l u b i l i t y  o f D.N.T. 
in  w a ter , and th e  s u lp h it e  method i s  in a p p lic a b le  
b ecause th e  n itro b o d y  removed by t h i s  means i s  n o t  
reco v era b le*
For c r y s t a l l i s a t i o n  th e  s t a r t in g  m a te r ia l  p r e ­
pared was 50  % D .N .T . 70 % T .N .T . No a ttem p ts were 
made to  em ulate p la n t  c o n d it io n s , the m a te r ia l  b e in g  
c r y s t a l l i s e d  in  b a tch  from a number o f s o lv e n ts  in  
order t o  determ ine o n ly  the e f f i c i e n c y  o f  sep a ra tio n *  
The com p osition  o f  the p rodu cts were e s tim a te d  here  
as in  a l l  s e p a r a t io n  experim en ts by d e n s ity  determ in­
a t io n  a t  95°C. The r e s u l t s  are summarised in
(33
T able 21*
TABLE 2 1 .
P rocess
T.EF.T. in  
product
i
C r y s t a l l i s a t io n  from a lc o h o l  
C r y s t a l l i s a t io n  from a lc o h o l  
C r y s t a l l i s a t io n  from 93 % HgSQ* 
C r y s t a l l i s a t io n  from b e n z e n e -a lc o h o l  
Washing w ith  h o t a lc o h o l  
Washing w ith  h o t a lc o h o l
9 6 .5
9 7 .5
7 9 .0  
1 0 0 .0
6 9 .5
6 9 .0
A lc o h o l appears to  g iv e  a s u i ta b le  e f f i c i e n c y  
in  c r y s t a l l i s a t i o n  and a m ixture o f  benzene and 
a lc o h o l  combines good se p a r a t io n  w ith  a h ig h  p ro d u ct-  
s o lv e n t  r a t i o .  The danger o f e x p lo s io n  m entioned  
.e a r l ie r  would seem to  be the on ly  d i f f i c u l t y ,  but t h i s  
m ight be s u f f i c i e n t  to  p r o h ib it  i t s  in d u s t r ia l  a p p l ic ­
a t io n .  A lc o h o l w ash ing, a s  opposed to  c r y s t a l l i s ­
a t io n ,  i s  q u ite  i n e f f e c t i v e .
S u lp h u r ic  a c id  c r y s t a l l i s a t i o n  e f f e c t s  p a r t ia l  
se p a r a t io n  but the b u lk  o f  a c id  n e c e ssa r y  i s  h ig h  and 
would be cumbersome in  p la n t .
F or the purpose o f  t e s t in g  the e f f i c i e n c y  o f  
th e  e u t e c t i c  method o f s e p a r a t io n , a s ix  in ch  b a sk et
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c e n tr ifu g e  was used* G ranules o f  30 % D.N.T* in
i
T .N .T . were prepared  f o r  th e  t e s t s  by pouring th e  
l iq u id  n itr o b o d y  in to  r a p id ly  s t i r r e d  c o ld  w ater*
T h is m a te r ia l  was c e n tr ifu g e d  and washed w ith  w ater  
a t  60°C* There was no change in  com p osition*
The experim ent was rep ea ted  a t  70°G w ith  th e  same 
r e s u l t  ex cep t th a t  a g r e a t  d e a l  o f th e  n itro b o d y  was 
washed through th e  b ask et*  A s im ila r  experim ent 
was conducted on a gra n u la r  m ixture c o n s is t in g  o f  
25 % D.N*T. 70 % T .N .T . and 5 % p h en o l. By c e n t r i ­
fu g a l  w ashing a t  60°G the product co n ta in ed  76 fg 
T .N .T . bu t a g a in  a g r e a t d e a l o f  n itro b o d y  was carried  
away in  the wash l iq u o r .
The r e s u l t s  in d ic a te  th a t  a h ig h  degree o f  
c o n tr o l would be n e c e ssa r y  to  e f f e c t  on ly  p a r t ia l  
se p a r a t io n  and the p r o c e ss  was pursued no fu r th er*
The se p a r a t io n  o f a l iq u id  frcsn g ra n u les o f  n e a r ly  
the same m e lt in g  p o in t  must in e v it a b ly  r e s u l t  in  a 
w a s te fu l  i f  n o t i n e f f i c i e n t  p r o c e s s .
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CHAPTER 2 .
SEPARATION OP NITROBODY MIKTNKES 
BY THERMAL DIFFUSI ON ‘ -
The p r in c ip le  o f  therm al d i f f u s io n  can most 
sim p ly  be i l l u s t r a t e d  w ith  th e  apparatus shown in  
F ig .  2 2 . I f  th e  tube i s  f i l l e d  w ith  c o a l gas and 
the c e n tr a l  w ire  h ea ted  t o  r e d n e ss , the gas m ixture  
c ir c u la t e s  up th e  w ire  and down th e  w a lls  o f th e  tube  
as in d ic a te d  by th e  arrow s. The hydrogen because  
o f i t s  low er d e n s ity  t r a v e ls  up the w ire  more r a p id ly  
than th e  carbon m onoxide, whereas a t  th e  w a lls  o f the  
tube on th e  downward p ath  the r e v e r se  h o ld s  t r u e .  
Hydrogen th e r e fo r e  c o n c en tr a te s  a t  the to p  o f the tube  
and carbon monoxide a t  th e  bottom . The p r o c e ss  may 
be made con tin u ou s by in j e c t in g  th e  c o a l  gas a t  th e  
m iddle o f the tube and w ithdraw ing hydrogen and carbon  
monoxide a t  each  end .
The se p a r a t io n  has proved so  e f f e c t i v e  and 
econ om ica l th a t i t  has been  su g g es ted  t o  r e p la c e  th e  
ex p en siv e  s o lv e n t  se p a r a t io n  a t  p r e se n t in  u se in  the
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S o lv a y  ammonia f i x a t io n  p ro cess*
In th e  se p a r a t io n  o f  l iq u id s  or o f  g a se s  o f 
c lo s e ly  a s s o c ia te d  m o lecu lar  w e ig h ts  the e s s e n t i a l  con­
d i t io n  i s  th a t  the tem perature g r a d ie n t through th e  
m a te r ia l  sh ou ld  be as s te e p  as p o s s i b l e .  T h is i s  
secu red  by red u cin g  the gap betw een th e  h e a ted  and 
c o o led  su r fa c e s  to  a minimum and o p era tin g  a t  max­
imum p o s s ib le  tem perature d i f f e r e n c e .
For the se p a r a t io n  o f D .N .T . -  T.N.T* m ix tu res  
the f i r s t  apparatus was c o n str u c te d  o f  g l a s s .  I t  i s  
shown w ith  e s s e n t i a l  d im ensions in  F ig .  2 3 . The
o u ter  tube i s  h e a ted  by steam  w h ile  th e  in n er  tube i s  
m ain ta in ed  a t  60°C by c ir c u la t io n  o f w ater  in  the  
j a c k e t .  A m ixture o f 50 % D .N .T . in  T .N .T . was used  
in  the experim ents as t h i s  i s  l iq u id  a t  low er tem per­
a tu r es  than th e  30  % D .N .T . m ix tu re , and th e r e fo r e  
p erm itted  th e  u t i l i s a t i o n  o f  a g r e a te r  tem perature  
d i f f e r e n c e .
The method o f o p e r a tio n  was as fo l lo w s  
The tube was f i l l e d  w ith  m o lte n -e u te c t ic  by in j e c t io n  
a t  th e  low er d ra in  tu b e . A f te r  running f o r  some
f
tim e th e  low er cock was opened to  p e im it  th e  e g r e ss  
o f a few grams o f l iq u i d .  The com p osition  o f  t h i s
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was e s t im a te d  by measurement o f  i t s  s p e c i f i c  g r a v ity *
Huns were conducted in  w hich the m a te r ia l  was
su b je c te d  t o  therm al d i f f u s io n  f o r  2 ,  5 ,  and 4 hours*  
A lthough  th e  p rod u cts e x h ib ite d  s l i g h t  in c r e a se  in  
m e ltin g  p o in t  th ey  d id  n o t d i f f e r  in  s p e c i f i c  g r a v ity *  
S e p a r a tio n  was th e r e fo r e  n e g l ig ib le *
I t  was thou ght th a t  the la c k  o f se p a r a t io n
m ight be a t t r ib u te d  t o  the low h e a t t r a n s f e r  c o ­
e f f i c i e n t  o f g la s s  r e s u l t in g  in  poor th e r a a l  grad ­
ie n t  in  the n itro b o d y  and a m eta l d i f f u s io n  u n it  was 
b u i l t *  To en su re  the maximum e f f e c t *  the h e a t in g  
was made e l e c t r i c a l  so  th a t  the h e a ted  w a l l  tem per­
a tu re  cou ld  be in c r e a se d  beyond 1C0°C. The le n g th  
o f  th e  apparatus was a l s o  in c r e a se d  and c e n tr a l  fe e d  
was adopted  so  th a t  sam ples cou ld  be drawn a t  b o th  
ends o f the tube and con tin u ou s sam pling was p o s s ib le *  
The apparatus i s  shown d ia g r a m a tic a lly  in  F ig*  24*
I t  was con ven ien t t o  make the h ea ted  tube th e  ou ter  
one* Water a t  60-80°C was c ir c u la te d  in  the in n er  
tube by a h ig h  sp eed  c e n tr i f u g a l  pump*
The method o f o p era tio n  h ere  i s  obvious*
W ith h o t w ater  c ir c u la t in g  in  the c e n tr a l  tube and
14*0
-T U E f tW O . P O C K E T ---------
WATER tNLET
THERMOCOUpfc^
STEAM JACKET
V  Ip . STEEL ..
TW ERMOCOOPL.E
STEAM CONDENSATE
THERM OCOUPLE
FICi £ 4
14-1
steam  a p p lie d  t o  the fe e d  ta n k , th e  charge was in t r o ­
duced and the sample cocks a t  top  and bottom  o f the  
apparatus opened t i l l  n itr o b o d y  flo w ed  f r e e l y  from  
them . Current was th en  a p p lie d  and th e  ja c k e t  temp­
era tu re  r a is e d  t o  th e  d e s ir e d  v a lu e  and sam ples were 
drawn a t  in t e r v a ls  and t h e ir  com p osition  e s t im a te d .
Runs were conducted in  w hich the sam ples were 
taken  every  h ou r, ev ery  two h o u rs , and c o n t in u o u s ly .  
A gain no s e p a r a t io n  cou ld  be d e te c te d  and th e  method 
was abandoned. A p paren tly  th e  low tem perature grad­
ie n t  com patib le w ith  sa fe  o p era tio n  (120-80°C ) coup led  
w ith  th e  h ig h  v i s c o s i t y  o f  n itro b o d y  m ix tu res ren ders  
d i f f u s io n  i n e f f e c t i v e .
CHAPTER 3 .
SEPARATION B3T STEAM DISTILIATION
Steam d i s t i l l a t i o n  appeared to  o f f e r  p o s s i ­
b i l i t i e s  o f se p a r a t io n  o f D .N .T . and T .N .T . and 
although, th e  y ie ld s  were known to  be low th e  p ro ­
blem  was purs tied . A sim ple steam  d i s t i l l a t i o n  o f  
D .N .T . shows th a t th e  y i e l d  i s  n e a r ly  3 .5  p a r ts  o f  
n itro b o d y  per thousand o f steam . I t  was thought 
th a t  by th e  use  o f su p erh eated  steam  th e  y i e ld  
m ight be in c r e a se d  to  perm it i t s  econ om ica l a p p l ic ­
a t io n  on p la n t .  The fo llo w in g  experim en ts were 
th e r e fo r e  con d u cted .
The apparatus i s  shown d ia g r a m a tic a lly  in  
P ig .  2 5 . Superh eated  steam  formed by p assage  
through th e  c o i l  immersed in  the h e a ted  su lp h u r ic  
a c id  b a th , bubbled through th e  n itr o b o d y  and th en ce  
to  th e  con d en ser . The n itro b o d y  se p a r a ted  from th e  
condensed w ater in  th e  r e c e iv e r  and cou ld  be f i l t e r e d  
o f f ,  d r ied  in  vacuum and w eigh ed . T e s ts  were con -
145
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-d u cted  a t  tem peratures up to  160°C and the r e s u l t s  
are shown in  T ab le 2 2 .
TABIE 2 2 .
D-.N.T. T .N .T . DHT/TM!
io V t
c e n t .
p a r ts
per
1000
v .p . '
p cms.
l° g .o P  
cms.
p a r ts
per
1000
V .P .
p cms.
10g,o P 
cms •
mass
r a t i o .
2 .6 8 0 .3 5 0 .0 2 1 -1 .6 7 4
2 .4 8
1 .4 5
1 .6 9
2 .2 0
0 .3 0 0 -0 .5 2 3 0 .3 2 60 .3 2 1 0 .0 5 5 -1 .2 5 9 5 .4
2 .5 6
4 .2 5  
4 . 65 
5 .2 0
1 .3 2 5 0 .122
1 .1 2
1 .0 3
0 .9 0
0 .9 0
0 .2 8 0 -0 .5 5 3 '4 .8
2 .3 0
9 .2 0
8 .3 0
1 0 .1 0
3 .2 6 0 0 .513 1 .8 81 .8 1 0 .6 5 5 -0 .1 8 3 5 .0
A verage Mass Ra1/ xo . 5 .0
The ta b le  a l s o  shows c a lc u la te d  v a lu e s  o f the  
vapour p r e ssu r e s  o f th e  n i t r o - b o d ie s ,  assum ing th e  
v a l i d i t y  o f  the eq u a tio n  -
P  s  m" x Mw 
y.
where P i s  the p r e s s u r e ' in  cms. o f  
m ercury, M th e  m o lecu la r  w eigh t in  gram s, and m i s
14-5
■the mass d i s t i l l e d ,  th e  s u f f ix e s  r e fe r r in g  t o  w ater  
and n itr o b o d y .
On d i s t i l l i n g  a m ixture o f 30  % D .H .T . in  
T .N .T , s l i g h t  improvement was observed  in  th e  product 
but the p r o c ess  was v ery  slow  and would c e r ta in ly  be 
uneconom ical in d u s t r ia l ly .
The v a lu e s  o f vapour p r e ssu re  o b ta in ed  from  
th e  steam  d i s t i l l a t i o n  are of some i n t e r e s t .  P l o t t ­
ing  lo g lop a g a in s t  103/T  (F ig . 2 6 . )  th e y  form r ea so n ­
a b ly  s t r a ig h t  l i n e s ,  and can th e r e fo r e  be ex p ressed
a  _  .k.
in  th e  form 0  RT . They are  however n ot in  agree  -  
w ith  the r e s u l t s  o f M enzies (J .A .C .S , 1920, 4 2 , 2 2 1 8 ) .  
Probably th e  h ig h  r e s u l t s  o b ta in ed  by steam  d i s t i l l ­
a t io n  may be p a r t ly  e x p la in ed  by en tra in m en t, but the  
divergence- of r e s u l t s  i s  ex trem ely  marked. F u rth er ­
more an example o f the o r ig in a l  paper by M enzies 
showed th a t  in  order to  p reven t d i s t i l l a t i o n  o f n i t r o -  
body in to  the McLeod gauge u sed  in  h is  m easurem ents, 
p a rt o f the apparatus was p u rp o se ly  c o o le d  below  the  
tem perature o f e s t im a t io n . I t  th e r e fo r e  appeared  
p o s s ib le  th a t  h i s  r e s u l t s  were lo w . In view  o f  the  
im portance o f a knowledge o f vapour p re ssu re  in  h ig h
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vacuum d i s t i l l a t i o n  i t  was d ec id ed  to  carry  th e  in ­
v e s t ig a t io n  fu r th e r  and the fo llo w in g  ch ap ter  i s  
d evoted  to  a d e s c r ip t io n  o f the experim ents*
CHAPTER 4 »
THE VAPOUR PRESSURE OF NITROBODIBS
The vapour p ressu re  o f  T .N .T . b e in g  low i t  
,was a t  f i r s t  thought th a t  a dynamic method o f  e s t im ­
a t io n  would have t o  be employed in  order to  g e t  
r e l ia b le  r e s u l t s .  Apparatus f o r  dynamic e s t im a t io n ,  
q u ite  ap art from i t s  co m p lex ity  o f  c o n s tr u c t io n  in ­
v o lv e s  a co n sid er a b le  exp en d itu re  o f  tim e in  a c q u ir ­
ing  the n e c e ssa r y  tech n iq u e  o f  o p e r a tio n . A s t a t i c  
method was th e r e fo r e  f i r s t  a ttem p ted  to  o b ta in  an  
approxim ation  o f  th e  v a lu e .  C o r r e la tio n  w ith  o th er  
r e s u l t s  in d ic a te d  th a t the degree o f accu racy  was 
h ig h e r  than was o r ig in a l ly  a n t ic ip a te d  and i t  was n ot  
n e c e ssa r y  to  r e v e r t  to  o th er  m ethods.
■ As m anometric l iq u id ,  A piezon  O il B . was u se d .
The vapour p r e ssu re  o f t h i s  o i l  a t  room tem perature  
i s  0 .0 0 0 1  m icron and th e  s p e c i f i c  g r a v ity  ap p rox im ate ly  
0 .8 7 0  . O il B. i s  n o n -v isco u s  and th e r e fo r e  id e a l  
fo r  a p p l ic a t io n  in  f in e  m anom eters. B efore  u se  i t s
m
s p e c i f i c  g r a v ity  a t  v a r io u s  tem p eratures was m easured  
by pykncm eter. Pig.* 2 7 . shows the l in e  o b ta in ed  by  
p lo t t in g  th e  r e s u l t s . Prom t h i s  -
Dp = 0 .8 7 7  and <X = 0 .000573
fo r  th e  e q u a tio n  -
Dt . =
The apparatus u sed  f o r  th e  vapour p r e ssu re  
d eterm in a tio n s i s  shown in  P ig .  2 8 . ,  th e  p r in c ip le  
b ein g  th a t  o f b a la n c in g  v ia  a manometer th e  p ressu re  
o f th e  n itro b o d y  a t a known tem perature a g a in s t  th a t  
o f the n itro b o d y  a t  a b so lu te  z e r o . B ecause o f the  
v ery  low g r a d ie n t  o f the vapour p ressu ’re  a g a in s t  
tem perature over th e  range 0°C t o  -2 7 3 °C i t  was on ly  
n e c e ss a r y  to  c o o l  th e  stan dard  bulb  to  -70°C to  o b ta in  
a c cu ra te  r e a d in g s . S o l id  carbon d io x id e  th e r e fo r e  
s a t i s f i e d  the c o o lin g  requirem ents and t h i s  was con­
v e n ie n t ly  o b ta in a b le  *
To f a c i l i t a t e  charging and d is c h a r g in g , the  
n itro b o d y  b u lb s were f ix e d  to  th e  manometer by ground  
g la s s  J o in t s .  Pyrex UB 19u f i t t i n g s  were f i r s t  used  
and l a t e r  German Standard UA 15M f in e  ground soda  
j o i n t s .  T h is system  was abandoned b ecause o f  the
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d i f f i c u l t y  o f o b ta in in g  a high, vac g rea se  w hich would^
j
n o t e v o lv e  gas a t  tem peratures above 40°C . In  la t e r  
experim en ts the n itro b o d y  was p la ced  in  th e  b u lb s b e -  
fo r e  th ey  were s e a le d  to  the manometer.
E vacu ation  was by mercury pump backed by a 
r o ta r y  o i l  pump and th e  r e s id u a l  p re ssu re  was measured  
w ith  a McLeod gauge p r io r  to  s e a l in g .  A number o f  
tub es were rendered u s e le s s  by th e  p resen ce  o f  r e s id u a l  
g a se s  o cca sio n ed  by i n s u f f i c i e n t  b a k in g . In  a l l  14 . 
tub es were c o n str u c ted  and s e a le d  and the r e s u l t s  
quoted are the lo w e st  o b ta in ed .
P roced u re.
The b u lb s co n ta in in g  the n itr o b o d y  having been  
fu sed  on to  th e  manometer and th e  l a t t e r  f i l l e d  w ith  
o i l ,  the tube was clamped in  an in c l in e d  p o s i t io n  so  
th a t  the o i l  ran in to  the r e s e r v o ir  wAtt. The limb  
ex ten d in g  from t h i s  bu lb  was. cou p led  to  th e  pumping 
system  and a c o n s t r ic t io n  made in  the g la s s  b e fo re  
vacuum was a p p lie d . When th e  p ressu re  had f a l l e n  to  
5 x ICf5 m.m. the tube was baked fo r  15 m inutes by  
a p p l ic a t io n  o f the s o f t  flam e from a bunsen  b u rn er .
The apparatus was a llo w ed  to  c o o l and a fu r th e r  baking
152
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c a r r ie d  out a f t e r  an h o u r . The s e a l  was made w ith ou t  
p e r m itt in g  the apparatus to  c o o l ,  and th e  tube was th en  
r o ta te d  in to  a v e r t i c a l  p o s i t io n  and clam ped.
The w hole apparatus was suspended in  w ater  a t  
room tem perature and a f t e r  an hour the d if f e r e n c e  in  
p ressu re  in  the lim bs was measured to  p rov id e  a zero  
c o r r e c t io n . Measurement o f r e l a t iv e  h e ig h ts  o f l iq u id  
in  the manometer lim bs was made by means o f a c a r e fu l ly  
l e v e l l e d  t r a v e l l in g  m icro sco p e .
The bulb UBU was co o led  in  s o l i d  carbon d io x id e  
and a f t e r  an hour a n o th er  read in g  was ta k e n . T h is  
read in g  r e fe r r e d  t o  th e  vapour p r e ssu re  o f  the n i t r o ­
body a t  room tem p era tu re . The w a te r -b a th  was then  
v ery  s lo w ly  h e a te d  t i l l  th e  tem perature had r is e n  5 
t o  10°C and m ain ta in ed  there* f o r  h a l f  an hour b e fo re  
a new read in g  was made. A fte r  t h i s  the l e v e l s  were 
n oted  every  5 m inutes t i l l  th ey  were co n sta n t b e fo re  
the tem perature was a g a in  in c r e a se d . By co n tin u in g  
th is -  procedure rea d in g s w ith in  the range 10 t o  80°C 
were ob ta in ed  in  about 12 h o u rs . When measurement 
had been  s t a r t e d ,  the apparatus was n ot a llo w ed  to  
c o o l t i l l  the l a s t  v a lu e  had been  o b ta in ed . The
( 5 4
tube was a fterw ard s bmnersed in  w ater  and a llo w ed  to  
sta n d  o v ern ig h t when a fu r th e r  zero  c o r r e c t io n  rea d ­
in g  was made to  ensure th a t  g a ss in g  had n o t occurred  
during the exp er im en t. R e su lts  were o b ta in ed  fo r  
T .H .T . ( s e t  p o in t  8 0 .3 ) ,  2 j4~ B .R .T . and t e t r a n i t r o -  
methane (T .N .M .). These are shown in  T able 2 3 . and 
g r a p h ic a lly  in  P ig s .  2 9 . and 3 0 . D otted  l in e s  in  
the graphs r e p r e se n t the corresp ond ing  v a lu e s  by  
M en zies .
TABLE 2 3 .
Temp. Vapour P ressu re  Cms. Hg . a t  °0 0
°C D .N .T . T.1T.T* T .N.M.
20 0*00267 0.00114 -  -
30 0*00386 0 .0 0 2 2 5 ’
40 0*00626 0 .00401 2 .6 5  ( 2 .6 6 )
50 0*00975 0 .00623 4 .3 3  ( 4 .4 2 )
60 0 .01550 0 .0100 6 .8 0  ( 7 .0 6 )
70 0 .0276 0 .0160 1 0 .8  (1 0 .9  )
80 - 0 .0324  (.0042; 1 6 .4  (1 6 .4  )
90 - (0 .0 0 6 7 ) 2 3 .9  (2 3 .9  )
100 . -  - (0 .0X 06) 3 3 .9  (3 3 .9  )
V alues by M enzies bracketed*
The eq u a tio n s f o r  th e  l in e s  shown in  P ig s*  29 ;  
and 30* are -
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are -
lo1-o^ -  — 6^ -Y 10 + 6 - I S  . (D.H.T.,)  . .  . . 1 .
Hwf* ”  ~- 6 y *  10 + 5 -92 (T .N .T .) . .  . .  2 .
•o<\.oi=* =  10 +  7-23 Te tra-n iti*o-m e thane . .  . .  3 .
These g iv e  la t e n t  h e a ts  o f su b lim a tio n  c a lc u l ­
a t e d  from the A rrhenius eq u a tio n  -
D »1T .T • 12 K. c a ls  gm .m ol.
T.1T.T. 12 K .c a ls  ,/gm .m ol.
and la t e n t  heat' o f v o l a t i l i s a t i o n  -
T.1T.M. 9*7 K. c a ls  ./gm .m ol.
A r e c e n t  un pu blish ed  f ig u r e  g iv e s  th e  vapour  
p r e ssu re  o f T .N .T . over the liq u ic l a t  80.3°C  as 0 .2 5 7  
m.m* E q u ation  2 .  above g iv e s  0 .2 9 5  m.m. w hich r e ­
p r e se n ts  f a i r  agreem ent in  viev/ o f the f a c t  th a t  en ­
t i r e l y  d i f f e r e n t  methods o f e s t im a t io n  were em ployed. 
The v a lu e  by M enzies. i s  0 .0295  m .m ., te n  tim es low er
than the above r e s u l t s .  The c o o lin g  a p p lie d  by
/*
M enzies to  reduce d i s t i l l a t i o n  to  the McLeod gauge 
would e x p la in  such  low r e s u l t s .  Complete agreem ent
(58
4.S reached  w ith  M enzies in  the case  o f t e t r a - n i t r o -  
methane where no m ention i s  made’ o f the n e c e s s i t y  to  
c o o l th e  le a d s  to  the McLeod gau ge . I t  i s  i n t e r e s t ­
in g  to  n o te  th a t  M enzies checked h i s  T .N .T . m easure­
ments by d e term in a tio n  o f  the lo s s  in  w eigh t on p a s s ­
age o f  a ir  through the n itro b o d y  and o b ta in ed  r e s u l t s  
in  agreem ent to  w ith in  2 %.
The v a lu e s  o f vapour p re ssu re  o f D .N .T . and 
T.H.To ob ta in ed  by d i s t i l l a t i o n  o f n itro b o d y  in  steam  
(p rev iou s ch ap ter) may be ex p r essed  as -
=  ~ 5 8 ^  +  1 4 0 1  -
and l e ^ J )  =  ~ 5 8 7 t x i0-3 +  I3  3 £
These eq u a tio n s are n ot in  agreem ent in  any 
way w ith  the v a lu e s  record ed  above* The e r r o r  i s  
m ost l i k e l y  due to  en trainm ent o f  n itro b o d y  d r o p le ts  
in  the steam  and g e n e r a l ly  to  i n s u f f i c i e n t  tim e o f  
c o n ta c t and th e r e fo r e  poor eq u ilib r iu m *
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CHAPTER 5 *
SEPARATION OP NITROBODIES BY ULTRA-HIGHVAC 
_______DISTILLATION______________  ■
P a ten t l i t e r a t u r e  d e sc r ib e s  innum erable s t i l l s  
o f t b is  k ind  but th ey  can n e a r ly  a l l  be in c lu d ed  in  
th e  fo llo w in g  c l a s s i f i c a t i o n s : -
(A) INTERMITTENT OR BATCH ST ILLS .
S in g le  h e a te r  su r fa c e  and condenser s i t u a t e d  
one to  f i v e  c en tim e tr e s  ap art and capab le  o f  b e in g  
d ism an tled  fo r  r ec o v er y  o f  th e  product and resid u e*  
Such a u n it  i s  i l l u s t r a t e d  on Page 93 . P roceed in gs  
Chem ical E n g in eer in g  Group 1938, 2 0 .
(B) CONTINUOUS STILLS.
(1) M u lt i-h e a te r  and condenser s t i l l s  g en ­
e r a l ly  embodying a l t e r n a te  h o r iz o n ta l  h e a te r s  and 
condensers and p e r m itt in g  c y c l in g  o f product from  
the f i r s t  condenser to  th e  second h e a te r  e t c . ,  by  
means o f  sm a ll m agn etic  pumps* By adjustm ent o f. 
the tem perature o f  the v a r io u s  s ta g e s  an e q u iv a l­
en t o f f r a c t io n a t io n  can be obtained*
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(2 ) V e r t ic a l  c y l in d r ic a l  ty p es m odelled  on 
the d e s ig n  by Burrows shown on Page 9 4 . o f  the P ro­
ceed in g s o f Chem ical E n g in eer in g  Group 1938, 2 0 .
(3) S t i l l s  a f t e r  th e  p a tte r n  by Hickman
(B .P . 5 1 2 ,5 8 3 ; 5 4 5 ,7 8 1 . 1938) w hich m ight be d e sc r ib ed
as an a d ap tion  o f  the c y l in d r ic a l  ty p e , bu t in tr o d u c ­
in g  the use o f a c o n ic a l  condenser and h e a te r , the  
l a t t e r  b e in g  r o ta te d  so  th a t d i s t i l l a n d  t r a v e ls  up 
the w a ll  e e n tr i f u g a l ly  in s te a d  o f  downwards by g r a v ity .  
P r o je c t io n s  on th e  c e n tr a l  condenser fo r c e  th e  p ro ­
duct o f f a l l  back  on the h e a te r  and be r e c y c le d .
The Hickman s t i l l ,  to  w hich fu r th e r  r e fe r e n c e  w i l l  be 
made, c o n s t i t u t e s  to  date the n e a r e s t  approach to  a 
f r a c t io n a t in g  system  as we understand th e  term a p p lie d  
to  norm al p ressu re  d i s t i l l a t i o n .
L iq u id  vapour e q u ilib r iu m  i s  a c o n d it io n  non­
e x is t e n t  in  u ltra -h igh -vacu u m  d i s t i l l a t i o n ,  a f a c t  
w hich on f i r s t  g la n c e  appears to  be a s e r io u s  h a n d i­
cap* I t s  p la c e  i s  in  f a c t  taken  by a c r i t i c a l  •
s e p a r a t io n  c o n d it io n  in v o lv in g  adjustm ent o f  th e  mean 
f r e e  p a th  o f the f l y in g  m o lecu les  so  th a t  on ly  one 
c o n s t itu e n t  may reach  the condenser as p ro d u ct.
Very h ig h  e f f i c i e n c y  i s  th e r e fo r e  p o s s ib l e .  I t  i s
im portant to  observe th a t  th e  vapour p ressu re  o f the  
c o n s t itu e n ts  need not be the c r i t e r io n  o f s e p a r a t io n ,  
thus ren d erin g  p o s s ib le  the d i s t i l l a t i o n ,  in t o  two 
c o n s t itu e n ts  o f a m ixture the se p a r a t io n  o f  w hich i s  
n ot p r a c t ic a b le  by norm al d i s t i l l a t i o n *
For f i r s t  experim ents on th e  se p a r a t io n  o f  
n itro b o d y  m ixtu res a s t i l l  was c o n str u c ted  on the  
l in e s  o f the Burrows continu ous ty p e(F ig *  3 2 , ) ,  the  
on ly  e s s e n t i a l  m o d if ic a t io n  b e in g  the a p p lic a t io n  o f  
h e a t to  th e  low er end b lo c k  to  p reven t th e  s o l i d i f i c ­
a t io n  o f the e x p lo s iv e  during e x tr a c t io n  from th e  
u n i t .  T h is was sim p ly  e f f e c t e d  by steam  c ir c u la t io n .
Vacuum was ob ta in ed  b y -a  m ercury vapour d i f f u s io n
/
pump backed by a r o ta r y  o i l  pump. The c e n t r a l .c o l ­
umn was h e a ted  e l e c t r i c a l l y .  In  e a r ly  runs the  
n itro b o d y  was found to  d is t r ib u t e  i t s e l f  un even ly  on 
the h e a te r  due. to  i t s  h ig h  su r fa c e  te n s io n  and i t  
was to  r e c t i f y  t h i s  th a t  the w ire  s p ir a l  was wound 
on the h e a te r .
Only a few runs were s a t i s f a c t o r y  enough to  
m er it a t te n t io n *  The r e s u l t s  o f  two o f th e se  are  
shown in  Table 2 4 .
\<oZ
FIG 3 2 .1
TABLE 2 4 . 
D i s t i l l a t i o n  o f R itr o b o d ie s .
Temp. Feed Product R esidue
°C R a te . . Comp. R a te . Comp. R a te . Comp.
m l/h r . % T .R .T . m l/h r . % T .R .T . m l/h r . $  T .R .T .
115 50 50 20 3 7 .5 30 56
114 50 50 .20 34 30 56
The degree o f  se p a r a t io n  i s  low and i t  was 
thought th a t  the h e a te r  -  condenser d is ta n c e  was 
sh o r t in  com parison to  the mean f r e e  p a th  o f T.N«T* 
a t  115°C. I t  was d e s ir a b le  to  m a in ta in  t h i s  tem per­
a tu re  o f  d i s t i l l a t i o n  because o f  the h ig h  y i e ld  i t  
makes p o s s ib le  and i t  was d ec id ed  to  measure the mean- 
f r e e  p ath  o f th e  n itr o b o d ie s  a t  t h i s  tem p erature, the  
r e s u l t s  b e in g  u s e fu l  in  the d e s ig n  o f fu tu r e  s t i l l s  
and p ro v id in g  in fo rm a tio n  n e c e ssa r y  fo r  th e  c a lc u l ­
a t io n  o f the t h e o r e t i c a l  e f f i c i e n c y  o f the p r o c e s s .
To o b ta in  some id ea  o f th e  m agnitude o f the  
m ig r a t io n a l p a th  o f T .R*T. over the n itr o b o d y , an 
attem pt was made to  use the sample apparatus shown in  
F ig .  3 3 . The s t r i p  o f paper sta n d in g  in  the n itrobod y  
was im pregnated w ith  a f lu o r e s c e n t  in d ic a to r  and the
VACUUM
THERMOMETER INDICATOR PAPER
NITROBODY
WATERBATH
M ICROBURNER
t
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apparatus was illu m in a te d  by u l t r a - v i o l e t  l i g h t .  I t  
was thought th a t  th e  n itro b o d y  vapour would quench the  
f lu o r e s c e n c e  fo r  a d is ta n c e  eq u a l to  i t s  m ig r a t io n a l  
p a th . A lthough quenching occu rred , no c le a r  l in e  o f  
dem arkation was o b ta in ed .
Apparatus was then  c o n str u c ted  w hich en ab led  
the a c tu a l  y i e l d  o f n itro b o d y  a t  v a r io u s h e a te r  -  
condenser d is ta n c e s  to  be m easured q u a n t i t a t iv e ly .
T h is i s  shown in  F ig .  3 4 .
The u n it  c o n s i s t s  e s s e n t i a l l y  o f a v e r t i c a l  
h e a te r  over w hich the n itr o b o d y  i s  c o n tin u o u sly  c i r -  v 
c u la te d , a movable condenser b e in g  p rovided  to  c o l l e c t  
th e  p ro d u ct, and th e  whole en cased  in  a chamber cap­
a b le  o f e v a c u a tio n . F rom 'F ig . 5 4 . i t  w i l l  be se en  
th a t  the n itro b o d y  c ir c u la t o r  pump s h a f t  p a sse s  
through a double g la n d , the in te r sp a c e  o f  w hich i s  
f i l l e d  w ith  the n itro b o d y  under t e s t ,  th e  l e v e l  here  
b e in g  m ain ta in ed  by a header ta n k . The pump i s  fe d  
w ith  n itro b o d y  by g r a v i t a t io n a l  flo w  from the sh a llo w  
pan in s id e  the u n it  and c ir c u la t e s  i t  over the fa c e  
o f th e  h e a t e r .  The end p la te  and g lan d  fe e d  box 
are h ea ted  by steam  c ir c u la te d  in  the copper tubes
p ic i  5 4 -
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se en  in  the f ig u r e *  The cover can bears on a rubber 
r in g  r e c e s s e d  in to  the end p la te  and on th e  a p p l ic a t ­
ion  of vacuum, the apparatus i s  s e a le d  by v ir tu e  of  
the p ressu re  of the atm osphere on th e  e n d s . The 
cover  i s  p rovided  w ith  a window and e l e c t r i c  l i g h t  so  
th a t d i s t r ib u t io n  c o n d it io n s  on the h e a te r  e t c .  can  
be s tu d ie d  during ru n n in g . The w ater c o o le d  conden­
s e r  i s  covered  by a copper p la te  during e v a cu a tio n  of 
the u n it j  to  p reven t th e  condenser b e in g  coa ted  w ith  
n itro b o d y  b e fo r e  c o n d it io n s  are s te a d y . T h is p la te  
i s  thrown o f f  by e n e r g is a t io n  o f the s o le n o id  mounted 
behind  i t .
F ig s .  3 5 . 3 6 . 3 7 . and 3 8 . are photographs o f  
the ap p a ra tu s. The f i r s t  two show the d i s t i l l a t i o n  
u n it  w ith  and w ith ou t the cover  can . In  th e  th ir d  
the apparatus has been  d ism an tled  to  show the double  
g la n d , pump and condenser p a r ts ;  th e y  are arranged  
as fa r  as p o s s ib le  in  th e  order o f a ssem b ly . The 
l a s t  i l l u s t r a t i o n  i s  one o f the com plete ap p a ra tu s.
On the l e f t  are the McLeod gauge, r o ta r y  o i l  pump 
and mercury d i f f u s io n  pump. Behind the s t i l l  i s  the  
sw itchboard  w ith  the s o le n o id  sw itc h  on th e  r ig h t .

FWi 36
FIG 37
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fi cx38
In order t o  reduce the number o f t e m i n a l  h o le s  
In the end p la te  and th e r e fo r e  m inim ise the danger o f  
le a k , and e a r th  re tu rn  c ir c u i t  was op era ted . T h is  
n e c e s s i t a t e d  a s p e c ia l  c i r c u i t  la y o u t to  enab le  the  
s o le n o id  t o  be op erated  and t h i s  i s  shown in  F ig .  3 9 .
During the e v a c u a tio n , the d o u b le -th ro w -d o u b le-  
p o le  sw itc h  i s  in  the p o s i t io n  ttAtt • The h e a te r  i s  
thus su p p lie d  w ith  c u r r e n t. The s o le n o id  i s  coupled  
to  th e  e a r th  end o f  the h e a te r  and i s  in o p e r a t iv e .
When c o n d it io n s  are s te a d y  and th e  condenser i s  to  be 
exp osed , the sw itc h  i s  thrown m om entarily in to  the  
p o s i t io n  uBn . With the sw itc h  in  t h i s  p o s i t io n  the  
s o le n o id  and h e a te r  are in  s e r i e s  and the e a r th  s id e  
o f  the mains coupled  to  th e  c a s in g . The s o le n o id  i s  
e n e r g ise d  and the rod f l i e s  through th e  c o i l  to  de­
ta ch  the cover  p la t e ,  w hich f a l l s  in to  th e  bottom  of 
the can . At t h i s  in s ta n t  the s to p  watch i s  s ta r te d  
and product i s  b e in g  c o l l e c t e d .  D i s t i l l a t i o n  i s  
stop ped  by opening the a i r  v a lv e  and b reak in g  the  
vacuum.
The method of o p era tio n  w i l l  be obvious from  
the d e s c r ip t io n .  The r e s u l t s  ob ta in ed  w ith  D.IT.T.
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and. T .N .T . are shown in  T ab les 2 5 . and 2 6 .
TABIE 2 5 .
D i s t i l l a t i o n  o f D .N .T .
No. S t i l l  
pressure 
mm. Hg.
D urat­
ion  
m in s.
H eater-  
condenser 
gap . cms,
Mass 
collected 
gms •
Rate o f
product,
Kg/sq.n^br.
1 0 2/ d 2 .
nseipr ocal 
cms.
1 4*10'5 6 1 2 .1 0 .043 0 .3 4 5 0 .6 8
2 2<lCf3 8 9 .8 0 .143 0 .8 6 0 1 .4 0
3 5x10'* 8 9 .8 0 ,214 1 .2 9 0 1 .4 0
4 5 * 10’1 3 7 .5 0 .1 1 8 1 .7 3 0 1 .7 9
5 6 *10"* 6 6 .0 0 .3 7 6 2 .9 9 0 2 .7 8
6 5*10’J 6 6*0 0 .3 0 6 2 .4 4 0 2 .7 8
7 6 xlO’5 6 6*0 0 .393 3 .1 3 0 2 .7 8
8 5x10'* 6 3 .9 0 .973 7 .7 5 0 6 .5 8
9 5xl0'! 4 3 .9 0 .6 7 4 8 .0 5 0 6 .5 8
10 3X1CT3 3 3 .9 0 .5 5 5 8 .882 6 .5 8
TABLE 2 6 .  
D i s t i l l a t i o n  o f T .N .T .
No. S t i l l  
pressure 
mm. Hg.
Dur-
a t  ion  
m in s .
H ea ter-  
condenser 
gap . cms.
-Mass
collected 
gms.
Rate o f  
product 
I%^q.m/Hr.
io  y  a * .
rec ip ro ca l  
cms •
1 3X10'1 10 1 4 .5 0 .0 1 7 0 .0 8 1 , 0 .4 8
2 3x10"* 7 • 1 0 .0 0 .0 7 0 0 .4 7 2 1 .0 0
3 6x10"* 7 1 0 .0 0 .0 5 9 0 .4 0 0 1 .0 0
4 5 * 10"3 7 1 0 .0 0 .0 6 1 0 .4 1 0 1 .0 0
5 6 *10”3 7 8 .0 0 .162 1 .1 0 0 1 .5 6
6 6 xlCT3 7 o
CO 0 .124 0 .8 4 5 1 .5 6
7 4 x l0 '5 5 5 .9 0 .1 8 1 1 .7 2 5 2 .8 6
8 4 x 10"3 5 5 .9 0 * 144 1 .3 7 2 2 .8 6
9 5 *10"3 7 5 .9 0 .2 4 9 1 .7 0 0 2 .8 6
10 5X10"3 5 3 .9 0 .3 6 4 3 .4 8 0 6 .5 8
11 4 x 1 0 ’ 5 3 .9 0 .2 9 5 2 .8 2 0 6 .5 8
12 6xlO'3 5 3 .9 0 .4 4 5 4 .2 5 0 6 .5 8
13 3*10'3 5 2 .6 1 .4 9 6 14 .2 0 0 1 4 .8 0
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The curves in  P ig .  4 0 . show the r e la t io n  betw een  
the mass o f  n itro b o d y  c o l le c t e d  a g a in s t  the h e a te r  -  
condenser d is ta n c e .
P ig*  4 1 . shows the mass p lo t t e d  a g a in s t  1 0 * /d*. 
The l in e s  are e s s e n t i a l l y  s t r a ig h t  up t o  a c e r ta in  
p o in t ,  when a d i s t i n c t  in f l e x io n  o c c u r s . T h is d e v i­
a t io n  from th e law o f  r e c ip r o c a l  sq u a r es , when the  
y ie ld  in c r e a se s  d is p r o p o r t io n a te ly , i s  b e l ie v e d  to  
occur when the condenser i s  l e s s  than th e  mean fr e e  
p ath  d is ta n c e  from th e h e a te r .
The y i e l d  o f n itr o b o d ie s  w ith in  t h i s  d is ta n c e  
sh ou ld  t h e o r e t i c a l ly  be i n f i n i t y ,  assum ing an i n f i n i t e  
su p p ly  o f h e a t and in f in i t e ,  h ea t t r a n s fe r  c o e f f i c i e n t ,  
and th e  broken l in e s  (d =? 4 .6 )  and (d = 3 .2 )  r e p r e ­
se n t  ap p rox im ately  th e se  i n f i n i t y  v a lu e s  f o r  D .N .T . 
a n d T .N .T . r e s p e c t iv e ly .
The eq u a tio n s f o r  the s t r a ig h t  in c l in e d  p o r tio n s  
o f th e  curves are -
•m6<r «  95 -'4  ...........................0)
mT d l  =  5 4 .8     • (a)
where -  mp -  mass o f  D .N .T . (K g ./s q .m ./h r . )
mT = K tt T .N .T . ( w . )
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and d = h e a ter -co n d e n ser  d is ta n c e  in  cms.
th en  Tn0 /m T — 1 7 9  . . . . . .  (3)
E quations 1 . 2 .  and 3 .  are te n a b le  so  long  as 
d i s  g r e a te r  than 4 .6 .  For v a lu e s  o f  d l e s s  than 4 .6  
bu t g r e a te r  than 3 .2  eq u a tio n  2 .  i s  ten a b le  but eq u a t­
io n  1 . becomes in o p e r a tiv e  as in  c r e a se s  d is p r o ­
p o r t io n a te ly  t h e o r e t i c a l ly  becoming i n f i n i t y .  T h is  
ren ders eq u a tio n  3 .  eq u a l to  i n f i n i t y .  When d i s  
l e s s  than 3 .2  b o th  *mD^ cLx and mTJcLa in c r e a se  d isp ro p o r ­
t io n a t e ly  and th e  r a t io  ttiD 7^nx i s  in d e te rm in a te .
In  th e  d i s t i l l a t i o n  o f a m ixture o f th e se  n i t r o -  
b o d ies a t  115°C, sp a c in g  th e  condenser betw een 3 .2  and 
4 .6  cms. from the h e a te r  w i l l  r e s u l t  in  the y ie ld  o f
D .U .T . b e in g  much g r e a te r  than th a t  o f  the T .N .T . 
T h e o r e t ic a l ly  th e  y i e l d  o f  D .N .T . w i l l  be i n f i n i t e .
In  p r a c t ic e  t h i s  w i l l  be c o n tr o lle d  by the r a te  a t  
w hich h e a t  can be su p p lie d  t o  the n itr o b o d y . F u rth er­
more i f  th e  f i lm  o f n itro b o d y  on th e  h e a te r  can be made 
very  th in  th e  o v e r a l l  h ea t t r a n s fe r  w i l l  be determ ined  
by the f i lm  c o e f f i c i e n t  o f th e  in p u t s i d e .  U sing  
steam  or e l e c t r i c i t y  i t  sh ou ld  be p o s s ib le  to  o b ta in  a 
h ea t tr a n s fe r  c o e f f i c i e n t  o f 200 -  300 B .T h .U 1 s . / H r . /
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BoTh.Ufs / H r . / ° F / s q . f t . en a b lin g  rap id  se p a r a tio n  to  
be condu cted .
The r a t io  o f  the y ie ld s  o f D .N .T . and T .N .T . 
i s  independent o f th e  com p osition  o f th e  fe e d  provided  
th e  f i lm  o f  m ixture on the h e a te r  i s  on ly  one m olecu le  
t h ic k ,  s in c e  the law o f p a r t ia l  p r e ssu re s  does n o t in ­
f lu e n c e  th e  product o f m o lecu la r  d i s t i l l a t i o n .
By p la c in g  the condenser l e s s  than 3 .2  c e n t i ­
m etres from th e h e a te r , the r a t io  o f  D .N .T . to  T .N .T . 
in  the product w i l l  be e n t i r e ly  c o n tr o lle d  by the  
r a t io  in  th e  fe e d  and the la t e n t  h ea t o f ev a p o ra tio n  
o f the c o n s t i t u e n t s .  Only v e ry  s l i g h t  f r a c t io n a t io n  
i f  any w i l l  o ccu r . In  the f i r s t  d e s ig n  o f s t i l l  the  
h e a ter -co n d e n ser  d is ta n c e  was on ly  1 .5  cms. and f r a c t ­
io n a t io n  a t  115°C cou ld  only  be v ery  i n e f f i c i e n t . '
Langmuir (P hys.R ev . 3 2 9 , 2 ,  1913 and 149; 8 ,
1916) in  h i s  work on lo s s  o f  tu n g ste n  from e l e c t r i c a l l y  
h ea ted  f i la m e n ts  in  vacuum, d e r iv e d  th e  eq u a tio n  f o r  
r a te  o f  d i s t i l l a t i o n  -
Jz t t R T  ‘
where
m = gm s/sec/cm 2
M = gm .m ol.w t.
T = a b so lu te  tem p eratu re.
R = gas co n sta n t (8 3 .1 5 8  x 1 0 6e r g s /° C . )
p = p ressu re  in  dynes/cm 2 , 
r  = p ro p o rtio n  o f m o lecu les  r e f l e c t e d .
I t  was fu r th e r  shown by Langmuir th a t  the pro­
p o r tio n  o f m o lecu les  r e f l e c t e d  from th e  condenser i s
The eq u a tio n  i s  a lm ost u n iv e r s a l ly  a p p lic a b le  
and has been  ex p ressed  in  many d i f f e r e n t  form s.
E.W.M* F aw cett (Proc.Chem.Eng.Gp. 1938, 2 0 , 85) g iv e s  
a p r a c t ic a l  ad a p tio n  o f the Langmuir eq u ation  as -
Ro u n it s  are s ta t e d  and in  an e f f o r t  to  determ ine th e se  
i t  was 'observed th a t  in  t h i s  eq u a tio n  th e  M and T have 
been in v e r te d  w ith  r e s p e c t  t o  th e  o r ig in a l  Langmuir 
e x p r e s s io n . A stu d y  o f  the d e r iv a t io n  shows th a t  an 
erro r  has occurred in  th e  t r a n s c r ip t io n .  The d e r iv ­
a t io n  i s  as fo l lo w s  -
f sm a ll and for^ pu rp oses r  can be n eg lectred .
N =  8 3  % J "  cjms./sec/ cm* * • . (a)
2 ' r t R T
IS. I
Taking R = 8 3 .1 5 8  x 10^ (E hudsen).
m „  4 3 ^ 5  b /M
ro« *7 t
Her© p i s  in  dynes/cm 2'. (Langmuir £  in  num.
o f mercury = ^  y k 98(
= 1334*2. dynes/cm*
th en  -rn = * 1534 -2
5 - 8 5 7  X l O ' * ^ / M L ..............................   . (a )
£  b e in g  ex p ressed  in  m«m» m ercury.
* I t  lias been  th e  e x p e r ien ce  o f many workers in  
t h i s  f i e l d  th a t  under good c o n d it io n s  95 % o f t h i s  
t h e o r e t i c a l  y i e l d  can be ob ta in ed  in  p r a c t ic e .
Frcra th e  eq u a tio n  f o r  the vapour p r e ssu re  o f
T .N .T .
l°Sio|° =  +  5 . 8 6
p s= 1*202 m.m* a t  1 1 5 °C ., whence th e  t h e o r e t ic a l  
r a te  o f  d i s t i l l a t i o n  i s  -
*1 = x l - 202 . J ~  ^ms/sec/cm1.
i& a
= X X 3600* 0166 K<j^5<j.h»/hr.
a  I9 6 0  K<j|s  ^*n./hr.
The g r e a t e s t  y i e l d  recorded  in  the experim ents  
w ith  th e  movable condenser u n it  was 14 K g /sq .m ./h r . 
T h is v e ry  low y i e l d  may be accou n ted  fo r  by th e  f a c t  
th a t  th e  condenser was sm a lle r  than the h e a te r  and
f i lm  c o n d it io n s  on th e  h e a te r  p oor .
CHAPTER 6 *
A PRACTICAL HIGH-VAC STILL 
WITH RECYCLE! FRACTIOKAT ION
As a b a s is  f o r  th e  d e s ig n  o f a p r a c t ic a b le  
f r a c t io n a t in g  s t i l l  the Hickman p a te n t ( lo c*  c i t . )  
i s  w orthy o f  n ote*
F ig*  4 2 . i s  a d iagram atic  s k e tc h  o f th e  s t i l l  
from th e p a ten t s p e c i f i c a t io n .  The advantages  
a tte n d in g  such  a d e s ig n  may be r e a d i ly  a p p rec ia ted  
from  the draw ing.
(1) By c e n tr i f u g a l  e le v a t io n  o f the fe e d  on 
e v a p o ra to r , a v ery  th in  f i lm  w i l l  be 
produced and t h i s  i s  an e s s e n t i a l  fo r  
r a p id  e f f e c t i v e  sep a ra tio n *
(2) The use o f  c e n tr i f u g a l  fo r c e  to  e le v a te  
th e  fe e d  over the h e a te r  makes p o s s ib le  
g r a v it a t io n a l  re tu rn  o f  product to  the  
h e a te r ,  to  c o n s t i tu te  r e fr a c t io n a t I o n .  
As far  as i s  known t h i s  i s  th e  f i r s t
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attem pt to  employ the r e f lu x  system  in  
h ig h -v a c  d i s t i l l a t i o n .
There appears to  be on ly  one t h e o r e t ic a l  d e f e c t ,  
th a t  i s  o f  a c e n tr a l  condenser surrounded by the  
e v a p o ra to r , as opposed to  th e  more norm al system  o f
condenser round ev a p o r a to r . In the l a t t e r  s t a t e  ta n g -
\
e n t i a l  impact o f m o lecu les  on th e  condenser i s  im­
p o s s ib l e .  Hickmanfs d e s ig n  may len d  i t s e l f  to  some­
what h ig h e r  redound c h a r a c t e r i s t i c s  and the term  
(1 -  r )  in  th e  Langmuir e q u a tio n  w i l l  probably be 
s e n s ib ly  l e s s  than u n it y .  I t  i s  n e v e r th e le s s  alm ost 
c e r ta in  th a t  th e  advantages w i l l  c o n sid er a b ly  o u t­
w eigh  t h i s  d e f e c t ,  and th e  p r in c ip le  i s  t o  be 
commended.
U n fo rtu n a te ly  the sk e tc h  in  the P aten t S p ec­
i f i c a t i o n  i s  v ery  d iagram atic  and an attem pt to  pro­
duce a workable d e s ig n  from the o r ig in a l  b r in g s  to  
l i g h t  a number o f d i f f i c u l t i e s .
(1 ) The cones are shown supported  a t  one end 
o n ly . U n less p e r fe c t  dynamic b a lan ce  
cou ld  be a ssu red  i t  would be n e c e ssa r y  
t o  support the evap ora tor  a t  b o th  en d s.
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(2 ) The d r iv in g  s h a f t  e n te r in g  a t  th e  bottom  
o f the v e s s e l  would n e c e s s i t a t e  a some­
what cumbersome s e a l in g  g la n d .
(3 ) Cones are d i f f i c u l t  to  machine to  dimen­
s io n s  o f dynam ical accu racy  and c o n ic a l ly  
wound e l e c t r i c  h e a te r s  are alw ays l ia b l e  
t o  lo o se n  e a s i l y .
I t  i s  n o t ea sy  to  o b ta in  a l l  the advantages of 
th e  Hickman s t i l l  w h ile  a v o id in g  th e se  d e fe c t s  but the  
d e sig n  (P ig* 4 3 . )  i s  su g g es ted  as embodying the e s s e n t ­
i a l  c o n d it io n s  o f r e c ir c u la t io n  w ith o u t the use of  
co n e s . R ecy c lin g  i s  e f f e c t e d  by the in c l in e d  r in g s  
on the con d en ser .
The s t i l l  may be c o n v e n ie n tly  d e sc r ib ed  as f o l ­
lows : -
The Main D rive Motor on the extrem e l e f t  of the e l e v ­
a t io n  i s  coupled to  the s h a f t  o f the s t i l l  by a s p lin e  
so  th a t  the l a t t e r  may move lo n g itu d in a l ly  w ith  r e f e r ­
ence t o  the m otor.
The T hrust Box in c o r p o r a tin g  an Acme screw ed ha I f - n u t  
by w hich a s e c t io n  o f  th e  d r iv e  s h a f t  may be advanced  
towards the fe e d  b o x .
m
The Peed Box. Peed i s  e f f e c t e d  through a c e n tr a l? 1 r 1 r T
h o le  in  th e  d r iv e  s h a f t .  C on tro l i s  by the cone 
se a te d  v a lv e , the m ale member o f w hich i s  the th r u s t  
s h a f t  r e fe r r e d  to  p r e v io u s ly .  In order th a t  the  
l e v e l  in  the fe e d  tank may be m a in ta in ed , a s ig h t  
g la s s  i s  prov id ed  in  th e  s id e  o f  th e  fe e d  b lock*
The fe e d  e n te r s  t h i s  chamber through a f i n a l  sp la sh  
d eg a sser  and i t s  r a te  o f e n tr y  i s  a g a in  c o n tr o lle d  
by a n eed le  v a lv e  (on th e  d eg a sser  head)* A d i f f u s ­
io n  pump i s  mounted b e s id e  the d e g a ss in g  tube fo r  
i t s  e v a c u a tio n .
Commutator. E l e c t r i c a l  co n n ec tio n s to  the in t e r io r  
of th e  s t i l l  are e f f e c t e d  in  a s l i p - r in g  commutator. 
The evap orator  has a sim p le  e a r th  re tu rn  c ir c u i t  so  
th a t only one h e a te r  le a d  i s  n e c e s s a r y . The o th er  
two s l i p - r in g s  on th e  commutator are fo r  ea rth  retu rn  
th erm ocou p les. i t  w i l l  be n oted  th a t in ,t h e  r o to r  
th ere  are two conductor channels ( e le v a t io n ) .
Current i s  d is tr ib u t e d  in  two conductors so  th a t  the  
evap orator  s h a l l  be d yn am ica lly  b a lan ced  and f r e e  
from v ib r a t io n  when running*
The E v ap ora tor . T h is i s  se a le d  by an o i l  f i l l e d  gland*.
(The vacuum p ort i s  in  th e  o p p o site  end p la te  and 
c o n c e n tr ic  w ith  th e  h o llo w  c y l in d r ic a l  con d en ser . 
T his i s  planned to  ensu re th a t no d i s t i l l a t e  reaches  
the pumping sy stem . The d i f f u s io n  pump i s  b u i l t  
d ir e c t ly  on the end p la te  and l ik e  the d eg a ss in g  
vapour pump, f i t t e d  w ith  a P Ira n i gau ge.
The E x tr a c t io n  Pumps. The d i s t i l l a t e  and r es id u e  
e x tr a c t io n  pumps are on th e  extrem e r ig h t  o f the  
e le v a t io n .  They are s e a le d  by v ir tu e  o f the f a c t  
th a t  the e x i t  l iq u id  flo w s round the ram in  a g land  
box b e fo r e  d e l iv e r y  t o  atm osphere.
P r o v is io n  has been  made fo r  p reh ea tin g  the  
fe e d  by in co rp o ra tin g  t o t a l l y  e n c lo se d  e l e c t r i c  
h e a te r s  in  th e  fe e d  b ox , commutator, and s e a l  g la n d .
The s t i l l  cou ld  be f a i r l y  sim p ly  adapted to  
the se p a r a tio n  o f D .N .T . and T .N .T . In t h i s  case  
i t  would be most sim p le  to  p rovide steam  p r e h e a te r s .  
I t  would be a d v isa b le  to  h e a t the e x i t  tubes and 
e x tr a c t io n  pumps w ith  steam  and a w ater su pp ly  a t  
8 0 °C would be req u ired  f o r  the con d en ser .
No la g g in g  has been  shown in  the draw ing.
In normal p r a c t ic e  h e a t w ould , o f co u r se , be con -
-se r v e d  by co v er in g  th e  h o t s e c t io n s  w ith  m agnesia or 
a sb e s to s  wool*
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